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Abstract
Carbon steel vessels coated with ∼3 mm of Cu have been proposed for the permanent
disposal of used nuclear fuel in a deep geological repository (DGR) in Canada. In the
event of an undetected defect in the Cu coating that exposes the steel substrate,
galvanically accelerated corrosion of steel is, in principle, possible. To investigate this
scenario, the progression of steel corrosion at the base of novel simulated through-coating
defects was monitored electrochemically and imaged non-destructively using X-ray
micro-computed tomography (micro-CT) as a function of time, O2 availability (including
anoxic conditions), and coating method (cold spray deposition (with and without heat
treatment) and electrodeposition). The corrosion products and surface damage were
analyzed using Raman spectroscopy and scanning electron microscopy (SEM)/energy
dispersive X-ray spectroscopy (EDX).
The results showed that the supply of O2 to the surface of the sample governed the
corrosion rate, while the distribution of damage to steel at the base of a through-coating
defect depended on the Cu-coated steel fabrication method and the resulting quality of
the Cu/steel interface. Cold spray Cu-coated steel specimens exhibited a radial spread of
corrosion along the Cu/steel interface, while electrodeposited Cu/steel specimens
experienced preferential interfacial corrosion in the direction in which the steel substrate
was machined prior to the electrodeposition of Cu. Less extensive corrosion along the
Cu/steel interface was observed on samples that were shown to have a less stressed, more
uniform, and more well-adhered interface by electron backscatter diffraction (EBSD) and
adhesion tests. However, less extensive corrosion was typically at the expense of deeper
penetration into the steel. In the absence of O2, both the volumes of corrosion damage to
steel and the distribution of damage varied substantially with the Cu-coated steel
fabrication method. The corrosion rates were significantly lower in anoxic conditions,
compared to oxic conditions, and tended to decrease over time.
The influence of a wide range of cathode:anode area ratios and Cl− concentrations, and
the availability of O2, was evaluated by monitoring the galvanic current passing between
separate Cu and steel electrodes, connected through a zero-resistance ammeter (ZRA),
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and the galvanic potential of the couple. The galvanic corrosion of steel was most severe
when it was exposed to air-sparged solution with a moderate [Cl−] as part of the couple
with the largest Cu:steel area ratio.
The impact of porosity on the effective thickness of cold spray Cu coatings was evaluated
by analyzing the size, distribution, and interconnectivity of the voids, and by using the
distances between voids to determine the sequence of voids providing the shortest
pathway through the coating. Small voids were predominant over large voids and the
percentage of void space decreased with improvements to the cold spray deposition
procedure. The effective Cu coating thickness was reduced by 25% through the shortest
path. Further studies are required to determine how corrosion will proceed via voids.
Keywords: carbon steel, copper, corrosion, galvanic corrosion, cold spray,
electrodeposition, X-ray tomography, micro-CT, synchrotron, porosity, used nuclear fuel
container, deep geological repository
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Summary for Lay Audience
Carbon steel vessels coated with ∼3 mm of copper (Cu) have been proposed for the
permanent disposal of used nuclear fuel in a deep geological repository (DGR) in
Canada. In the event of an undetected defect in the Cu coating that exposes the steel
substrate, galvanically accelerated corrosion of steel is, in principle, possible. This
scenario was investigated experimentally using samples of Cu-coated steel with a hole
drilled through the Cu coating to simulate a defect. The progression of corrosion on the
steel exposed at the through-coating defect location was monitored electrochemically and
imaged in 3D using X-rays. These analyses showed how the corrosion damage to steel
evolved over time and how it was affected by the method used to coat steel with Cu and
the amount of oxygen available.
The results showed that steel exposed at the base of a through-Cu coating defect corroded
and became covered by corrosion products (rust), while there was no visible loss of Cu.
The supply of oxygen to the surface of the sample governed the corrosion rate: having
more oxygen available resulted in more corrosion damage and when no oxygen was
present, very little corrosion occurred. The distribution of corrosion damage to the steel
depended on how the Cu-coated steel was made and on the quality of the Cu/steel
interface: corrosion propagated less along better-quality interfaces (less stressed, more
uniform, and more well-adhered). However, when there was less corrosion along the
Cu/steel interface, there was typically deeper corrosion penetration into steel. In the
absence of oxygen, the quality of the Cu/steel interface greatly affected both the overall
amount of corrosion damage to steel and the distribution of damage. The corrosion rates
were significantly lower in the absence of oxygen and tended to decrease over time.
The influence of a wide range of cathode:anode (Cu:steel) area ratios, chloride (Cl−)
concentrations, and the availability of oxygen on the galvanic corrosion of steel coupled
to Cu was also studied. The galvanic corrosion of steel was most severe when a small
area of steel was coupled to a large area of Cu in solution containing oxygen and a
moderate concentration of chloride.
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The impact of porosity on the effective thickness of cold spray Cu coatings was evaluated
by analyzing the size, distribution, and interconnectivity of the voids, and by using the
distances between voids to determine the sequence of voids providing the shortest
pathway through the coating. Small voids were predominant over large voids and the
percentage of void space decreased to <0.5% with improvements to the cold spray
deposition procedure. The effective Cu coating thickness was reduced by 25% through
the shortest path. Further studies are required to determine how corrosion will proceed
via voids.
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Chapter 1
Introduction
1.1

Research Motivation: Safe, Permanent Disposal of Used
Nuclear Fuel

Nuclear power is an important source of electricity in Canada, accounting for 15% of
electricity generation nation-wide and up to 60% in Ontario [1]. Although this power
generation method is clean and reliable, it presents a challenge when it comes to the longterm management of its by-product, used nuclear fuel, because once removed from the
reactor, it remains a potential hazard for over 100,000 years due to the radioactive fission
products it contains.

1.1.1

Deep Geological Disposal of Used Nuclear Fuel

The proposed long-term management method for used nuclear fuel in Canada is disposal
in a deep geological repository (DGR), which consists of multiple natural and engineered
barriers to ensure safe isolation and containment. A DGR offers the best passive safety
system for the permanent disposal of used nuclear fuel and, as such, evaluation of the
feasibility and long-term safety of a DGR is ongoing in many countries that produce
nuclear power, including Canada [2]. The internationally accepted design of a DGR
involves disposal of the used fuel at a depth of ≥500 m in a geological formation that is
stable and intact (i.e., free from preferential migratory routes, such as fissures) [3]. At a
depth of ≥500 m, a suitable rock formation will provide a natural barrier for the isolation
and containment of used nuclear fuel due to properties such as low water transport rate
[4], absence of O2, and low density of fractures. In addition to the rock formation, the
multi-barrier system in a Canadian DGR consists of bentonite clay, durable used fuel
containers, and the used fuel itself within the fuel bundle, as illustrated in Figure 1.1.
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a

b

Figure 1.1: (a) Schematic representation of the proposed Canadian deep geological
repository (DGR) and (b) the multiple barriers present within a DGR. Images courtesy of
NWMO.

The key engineered barrier is the robust used fuel container, which consists of a carbon
steel inner vessel coated with ~3 mm of Cu, applied via electrodeposition and cold spray
deposition. The Cu coating provides corrosion protection, while the carbon steel inner
vessel provides the necessary mechanical strength to withstand the anticipated
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hydrostatic, lithostatic, and glaciation loads. The earlier design of the Canadian used fuel
container, Mark I in Figure 1.2, was very similar to the Scandinavian KBS-3 container
and consisted of an inner carbon steel vessel, bolted shut, and placed inside a separately
fabricated 25–50 mm–thick outer Cu shell. To take advantage of the small size of
CANDU fuel bundles, which are ~50 cm in length and 10 cm in diameter, and the
conservative estimates suggesting that only 1.27 mm of Cu is required as a corrosion
allowance over 1 million years [5,6], a second container design was introduced. The new
container design, Mark II in Figure 1.2, is much smaller, which makes handling and
emplacement in a DGR much easier, and utilizes Cu coated directly onto the inner carbon
steel vessel. This decreases the amount of Cu necessary because it no longer needs to be
thick enough to support its own weight without deforming and avoids creation of a gap
between the inner and outer container that can lead to mechanical issues. The spherical,
rather than flat, shape of the container ends facilitates a more uniform distribution of
stress, avoiding the tensile stresses, which could be sites for stress corrosion cracking.

Figure 1.2: The two conceptual container designs under consideration for the disposal of
Canadian high-level nuclear waste. The Mark II is the current Canadian reference design.
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Prior to loading used fuel into the containers, the body and head will be coated with Cu
via electrodeposition. Once the fuel is loaded, the inner carbon steel vessel will be welded
shut and cold spray deposition will be used to coat the exposed region of the inner vessel
with Cu. This sequence of coating processes is illustrated in Figure 1.3 (the machining
and inspection steps are not shown). Cu was chosen for the corrosion protection layer of
the used nuclear fuel container based on its corrosion resistance under the anticipated
DGR conditions and now its use is supported by decades of corrosion research, as well as
archaeological artifacts made of Cu and natural elemental Cu deposits that have remained
stable in the earth for, respectively, hundreds to thousands of years and millions of years
[7]. The design lifetime of the container is 100,000 years [8,9], although the current
1.27 mm Cu corrosion allowance is for 1 million years [5,6].

Figure 1.3: General overview of the used fuel container coating process. “Factory” refers
to a non-radioactive environment and “hot cell” refers to a shielded radiation containment
chamber. Image courtesy of Jason Giallonardo (NWMO, Toronto, ON).
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To provide an additional barrier, the used fuel container will be surrounded by highly
compacted bentonite clay, which swells on contact with moisture to tightly seal the
system and provides a local environment in which only very slow chemical diffusion can
occur [3], since water movement will be negligible (i.e., there will be no convective
flow). The highly compacted bentonite clay will also prevent the population of the
container surface by biofilms as a result of the immobility of microbes within its narrow
pores and the low water activity in the vicinity of the container surface [3].
The fuel itself also acts as a barrier because the majority of radionuclides produced
during in-reactor irradiation are trapped within the fuel matrix and will only be released if
the UO2 corrodes. This process has been extensively studied and modelled [10].

1.1.2

Evolution of DGR Conditions and Anticipated Corrosion
Processes

Upon closure, the conditions in a DGR will evolve over time, beginning as warm, dry and
oxic, and evolving to cool, wet and anoxic, Figure 1.4. The time frame for this evolution
is presently uncertain and will depend on the specific DGR environment [11]. During this
evolution a number of corrosion processes could occur. Initially, once the DGR is closed,
the temperature of the containers will rise due to the heat produced by the radioactive
decay of the radionuclides in the spent fuel wasteform in the container. The conditions
will also be oxidizing due to a combination of a small amount of O2, introduced during
the period of repository excavation and emplacement of the waste, and the production of
radiolytic oxidants due to gamma (γ) radiolysis of the environment. However, the rise in
temperature will produce a low humidity environment in the vicinity of the container,
Figure 1.5, and negligible corrosion would be expected despite the oxidizing conditions.
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Figure 1.4: Schematic illustration showing the evolution of exposure conditions
anticipated in a Canadian DGR. Also shown are the approximate time periods for the
various possible corrosion processes on the outer surface of a used fuel container.
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Figure 1.5: Time-dependent evolution of the container surface temperature and
illustrative saturation profile for a Canadian DGR [11].
Subsequently, moisture will return as the containers cool until full resaturation of the
local environment is achieved. The period required for resaturation (i.e., the
establishment of a relative humidity (RH) = 100%) is uncertain but estimated to be
between ~50 years for a repository in crystalline rock (as indicated in Figure 1.5) and
much longer for a repository in sedimentary clay (i.e., ~5000 years) [11]. The actual
saturation profile will depend on the hydraulic conductivity of the host rock, the
resaturation behaviour of the bentonite clay, and the thermal output of the used fuel
containers [11]. Also, it is possible that resaturation will occur non-homogeneously and
rewetting of the surface will not be uniform. As resaturation progresses, the O2 trapped in
the DGR will be consumed by Cu corrosion, reactions with minerals and organic material
in the clay, and biological processes in regions remote from the containers. Consequently,
repository conditions will evolve from warm and oxidizing to cool and anoxic over an
uncertain period of a few months to many hundreds of years.
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As resaturation occurs in the DGR, the prospects for corrosion increase and four
sequential, but not necessarily distinct, container exposure environments can be defined:
(i) aerated water vapour but no condensed H2O on the Cu surface;
(ii) aerated vapour in equilibrium with a condensed H2O-based solution layer on the
surface;
(iii) anoxic, or close to anoxic, conditions with either H2O vapour in equilibrium with a
condensed H2O layer or a fully resaturated condition;
(iv) a fully anoxic H2O-saturated condition.
The duration of each environmental exposure period may vary on different areas of the
container surface and there is additional uncertainty in specifying the redox conditions in
the critical periods (ii) and (iii) due to the many pathways by which O2 can be consumed.
As indicated in Figure 1.4, the evolution of Cu surface redox conditions will be
influenced by the γ-radiation emitted by the fuel wasteform inside the container. The
γ-dose rate is dominated by the decay of the fission products in the fuel and is calculated
to vary at the container surface from ~2 Gy/h after 10 years to ~0.02 Gy/h after 200 years
[12]. Consequently, γ-radiation could influence surface redox conditions, and hence
corrosion processes, to a decreasing degree over periods (i) through (iii).
Based on this evolution of repository conditions, the possible corrosion processes on the
outer surface of the container can be defined, as shown schematically in Figure 1.6, with
the expected time periods over which they would be expected illustrated in Figure 1.4.
During the resaturation period, γ-radiation fields could remain significant, leading to
radiolytically-assisted corrosion under both aerated humid vapour and resaturated
aqueous conditions. Once resaturation of the DGR begins, corrosion by residual oxidants
dissolved in the groundwater can also occur.
Once anoxic conditions have been established (i.e., available O2 has been consumed and
γ-radiation fields are insignificant), the only remaining source of oxidant would be
dissolved sulfide produced by microbial processes, in particular, the action of sulfate
reducing bacteria, or by dissolution of sulfide minerals within the clay. The production of
sulfide would occur at locations remote from the container surface since the highly

9

compacted bentonite clay will prevent microbial activity on and in the vicinity of the Cu
surface. Since the corrosion of Cu in aqueous sulfide solutions has been shown to be
rapid [13–15], it is likely this corrosion process will proceed under sulfide diffusion
control.

Figure 1.6: Possible corrosion processes on a high-level nuclear waste container in a
DGR.
One additional corrosion process, addressed in the studies in this thesis, is corrosion of
steel at a defect through the Cu coating. Emplacement of a container with a throughcoating defect is unlikely with proper manufacturing, inspection, and handling of the
container, and the coatings are unlikely to be fabricated with through-wall defects.
However, if present, such a defect could potentially result in significant corrosion
damage, as it would bypass the coating, allowing groundwater to contact the steel
container. In this scenario, galvanic coupling between O2 reduction on Cu and steel
oxidation, resulting in accelerated corrosion of the steel, would be expected during the
oxidizing period of the repository. The specific area over which O2 reduction on the Cu
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surface can couple to steel dissolution will depend on the ionic conductivity of the
electrolyte, which will be severely restricted in the very low, tortuous porosity of the
highly compacted bentonite clay in contact with the container surface in a DGR. Once the
oxidant (dissolved O2) is consumed in the vicinity of the defect, galvanic coupling
between Cu and steel is not expected to have a significant role. Water reduction on Cu,
although thermodynamically possible, would only occur at a low rate due to the
unfavourable reaction kinetics of H2O reduction on the Cu surface under DGR conditions
[16], which would be effectively negligible due to the very large overpotential required.
However, general corrosion of the exposed carbon steel could persist, potentially
indefinitely, under wet, anoxic conditions, because steel is not thermodynamically stable
in water. This anoxic corrosion of steel, although slow under DGR conditions [17–21],
could lead to eventual container failure. The most problematic location for a defect is in
the region where the steel container is welded closed, illustrated in Figure 1.6, since the
weld depth will only be about 8 mm, whereas the body and head of the container will be
47 mm and 30 mm–thick, respectively [3].

1.2
1.2.1

Cu and Carbon Steel Corrosion
Electrochemical Principles of Aqueous Corrosion

Corrosion is the degradation of a material resulting from its chemical and/or
electrochemical reaction with its environment; the corrosion of metals is an
electrochemical process that involves the oxidation of the metal (anodic reaction) coupled
to the reduction of an oxidizing species (cathodic reaction). These half-reactions, which
occur at the metal/electrolyte interface, and the overall corrosion reaction can be written
generally as:
Oxidation:

M → Mn+ + ne−

(1.1)

Reduction:

Ox + ne− → Red

(1.2)

The overall corrosion reaction is the sum of these two half-reactions:
M + Ox → Mn+ + Red

(1.3)
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The thermodynamic driving force for corrosion is the difference between the equilibrium
potentials (Eeq) of the two half-reactions. For a particular corrosion reaction to proceed
spontaneously, the Eeq of the reduction half-reaction must be higher than the Eeq of the
oxidation half-reaction.
A useful way of visualizing what species are thermodynamically stable over a range of
conditions in a metal-aqueous system is a potential-pH (E-pH), or Pourbaix, diagram. A
Pourbaix diagram for the Fe-H2O system is shown in Figure 1.7. The lines in the figure
are defined by the Nernst equation for the specific equilibrium reaction. The location of
the lines defining the stability regions of different species are calculated based on
equilibrium potentials, the solubility of solid phases, and complexation constants for
metal ions in the aqueous solution as a function of pH, and temperature and the
concentration of complexing species. Horizontal lines represent reactions that are only
dependent on changes in potential, vertical lines describe reactions that are only
dependent on pH, and angled lines denote reactions that are dependent on both potential
and pH. Dashed lines indicate equilibria between dissolved species and solid lines
indicate equilibria between solid phases and between solid phases and soluble species.
The Pourbaix diagram for H2O is overlaid on that of Fe and consists of two parallel
sloped dashed lines (labelled “a” and “b”), the area between which is the H2O stability
region. The dashed line at more positive potentials, labelled “b”, is the reversible oxygen
line representative of the H2O/O2 equilibrium potential as a function of pH; O2 can only
be reduced at potentials below this line. The dashed line at more negative potentials,
labelled “a”, is the reversible hydrogen line representative of the H2O/H2 equilibrium
potential as a function of pH; H2O reduction (H2 evolution) can only occur at potentials
more negative than this line. In the case of Fe, the region for metallic Fe stability is below
the equilibrium line for H2O/H2 (i.e., outside the H2O stability region), meaning that the
thermodynamically favourable state of Fe in H2O is either an ion dissolved in solution or
an oxide, depending on pH.
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Figure 1.7: Pourbaix (E-pH) diagram for the Fe/H2O system at 25 °C with all ions at an
activity of 10–6 M [22]. The potential scale is the standard hydrogen electrode (SHE)
scale. The area between the dashed lines (labelled “a” and “b”) is the region of water
stability. Below the bottom dashed line water will be reduced to hydrogen and above the
top dashed line water will be oxidized to O2. This Pourbaix diagram assumes certain solid
species to be possible and much more complex diagrams can be generated with additional
species.
Although a corrosion reaction may be thermodynamically possible, it is its rate that
determines the extent of damage that will occur. Current, I, and current density, i,
(current/surface area) are measures of the rate of electron transfer. Considering the anodic
and cathodic reactions separately, at their respective Eeq, the net current for each reaction
will be zero, but the reaction will be occurring in the forward and reverse directions at a
certain rate, the magnitude of which is the exchange current, I0, or the exchange current
density, i0. Figure 1.8 illustrates the current-potential curves of the anodic and cathodic
reactions and how they combine in a corrosion reaction. The curves of the individual
reactions located on the potential scale by their Eeq follow an exponential Butler-Volmer
relationship,
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𝜂
𝑅𝑇
𝑅𝑇

)]

(1.4)

where η is the overpotential (E – Eeq), which is a measure of how far the reaction is from
its Eeq, α is the transfer coefficient, n is the number of electrons participating in the
reaction, F is Faraday’s constant, R is the gas constant, and T is temperature [23]. If a
potential is applied, inet is the current density that would be measured.

Figure 1.8: Current-potential curves for the redox reaction of a metal and the redox
reaction of a solution species (solid black lines). In a corrosion reaction, coupling the
anodic half of the metal dissolution/deposition reaction (i.e., the metal dissolution
reaction) with the cathodic half of the other redox reaction (i.e., the reduction reaction)
results in the current-potential relationship denoted by the grey line, which can be
described by the Wagner-Traud equation. As shown, the cathodic reaction has a large I0
compared to the anodic reaction and, hence, determines the position of the corrosion
potential, Ecorr.
For a corrosion reaction, the anodic half of one reaction is coupled to the cathodic half of
another and both reactions are polarized away from their Eeq towards a potential between
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the two Eeq. Under corrosion conditions, all electrons produced by the oxidation of the
metal must be consumed by the coupled reduction reaction, meaning that the anodic
current (Ia) must be equal, but opposite in sign, to the cathodic current (Ic). The
magnitude of the current is the corrosion current, Icorr:
Ia = |−Ic| = Icorr

(1.5)

The potential at which Ia = −Ic is termed the corrosion potential, Ecorr, and it will always
lie between the equilibrium potentials of the anodic and cathodic half-reactions.
Coupling the anodic half of one reaction with the cathodic half of the other results in a
current-potential curve that is similar in shape to the Butler-Volmer relationship and is
described by the Wagner-Traud equation [22],

[ (

𝑖net = 𝑖corr exp

𝛼a𝑛𝐹(𝐸 ‒ 𝐸corr)
𝑅𝑇

) (

‒ exp ‒

𝛼c𝑛𝐹(𝐸 ‒ 𝐸corr)
𝑅𝑇

)]

(1.6)

where icorr is the corrosion current density, αa and αc are the transfer coefficients for the
anodic and cathodic half-reactions, respectively, and (E – Ecorr) is the difference between
the applied potential and Ecorr. In the absence of an applied potential, the corrosion
reaction will rest at Ecorr.
The Butler-Volmer and Wagner-Traud relationships are valid when the rate of the overall
reaction is controlled by the rate of charge transfer at the electrode/electrolyte interface.
However, there are several other factors that can limit the rate of an electrochemical
reaction. The rate of transport of a reactant to the electrode surface can be rate-limiting,
particularly if the rates of charge transfer at the electrode/electrolyte interface are fast.
This situation occurs commonly in corrosion systems where O2 is the oxidant, due to the
limited solubility of dissolved O2. The rate of transport of the reaction product away from
the electrode can also be rate-influencing. For example, the rate of transport of dissolved
metal cations could control deposition of corrosion products. Another factor that can be
rate-determining is a slow chemical reaction step in the overall reaction.
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The growth of oxide films and deposition of corrosion products can also impact the
reaction rate. If the oxide film is grown directly on the electrode surface, it can be
coherent and non-porous, and will hinder the ionic transport through the growing film,
resulting in low corrosion rates. If the corrosion product is formed by the deposition of
dissolved cations, it can be porous, and the corrosion rate may be limited by the transport
of the oxidant to the surface or the metal cations away from the surface through the pores
in the deposits. In addition, if the cathodic reaction occurs on the surface of the oxide or
corrosion product deposits, the electrical resistivity of the oxide or deposits, which
controls the rate of electron transfer, could control the corrosion rate. The degree to
which an oxide film or corrosion product deposit affects the corrosion rate will depend on
its properties and how much of the surface is covered. In some cases, incomplete or
imperfect coverage of the metal surface can lead to an increased corrosion rate in the
exposed areas. A coherent film formed directly on the surface can act as a passive film. If
this film is electrically conducting and a local breakdown occurs, the film can act as a
large cathode to support a small anode at the breakdown site, leading to pitting. If the
surface is covered by a porous deposit, then the oxidant will have more uniform access to
the metal surface through the porous network and the separation of anodes and cathodes
will be avoided. This situation could lead to surface roughening, but not pitting.

1.2.2

Anticipated DGR Conditions

As described in section 1.1.2, the conditions in a DGR are expected to evolve over time,
beginning as warm, dry and oxic, and then evolving to cool, wet and anoxic, which will
influence the modes of corrosion that can occur. The amount of O2 trapped in a Canadian
DGR emplacement room upon closure, based on the current design, was calculated to be
13 mol per container [24]. Significant corrosion can only occur in the presence of an
electrolyte, as explained in section 1.2.1, which would be either humidity condensed onto
the used fuel container surface or groundwater. While the exact groundwater conditions
within the Canadian DGR are unknown because a site has not yet been chosen, chloride
is expected to be the dominant species, with concentrations that may range from 0.04 g/L
to 200 g/L (0.001 M to 5.6 M) [6]. In addition, the groundwater composition will change
as it passes through the highly compacted bentonite clay that will be surrounding the used
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fuel containers. As a result of passing through the clay, the groundwater eventually
contacting the container is expected to be buffered in the pH range 7–8 due to
equilibration with calcite (CaCO3) in the bentonite [6]. The concentration of dissolved
ions is also expected to change, although Cl− should remain the dominant anion [6,25].
The concentration of sulfate (SO42−) may also increase due to dissolution of minerals
such as gypsum (CaSO4) present in the bentonite [26].
Although SH− has not been detected in analyses of Canadian groundwaters at anticipated
DGR depths, it can be produced at locations remote from the used fuel containers, outside
the highly compacted bentonite, by sulfate-reducing bacteria [6]. In this case, the supply
of sulfide to the container is limited by its transport rate through the bentonite. Pyrite,
FeS2, is a mineral that is a minor constituent (<1 wt%) of some bentonite clays, making it
a potential source of sulfur compounds in a DGR [27]. However, the solubility of pyrite
is extremely low, ~10−11–10−12 M, meaning that the concentration of sulfide in
equilibrium with pyrite is negligible. The only feasible way for sulfur species to be
released from pyrite under DGR conditions is by oxidative dissolution due to the initial
O2 trapped upon DGR closure, although the vast majority of the species produced by this
reaction (mostly SO42−) would not support Cu corrosion [27].

1.2.3

Cu Corrosion

The stability of Cu under the anoxic conditions anticipated in a DGR is the basis of
choosing it as the material that will provide corrosion protection for used nuclear fuel
containers. Although Cu is stable over a wide range of conditions relevant to the DGR,
there are some corrosion processes that can occur under DGR conditions, and
understanding these processes is critical for the design and safety of used fuel containers
in a DGR.
Extensive reviews of the thermodynamic data for Cu and available literature on its
corrosion behaviour found that, among the possible species present in a DGR, the most
damaging for Cu are dissolved sulfide and O2 in groundwater [28–30]. Chloride, which is
expected to be the dominant anion under DGR conditions, can also negatively affect Cu
corrosion by stabilizing dissolved CuI through complexation, forming species such as
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CuCl2− [28–31]. The Pourbaix (E-pH) diagrams for the Cu/Cl–/H2O system at various
chloride concentrations, Figure 1.9, show that, in the absence of dissolved O2, Cu is
thermodynamically stable in moderately concentrated Cl− solutions over a large pH
range. At 1.0 M Cl−, the line between Cu and CuCl2− dips below the water stability
region, indicating that corrosion could occur, even in the absence of O2, but only at pH
<1. For sufficiently positive potentials (e.g. when O2 is present and corrosion possible)
and near-neutral to basic pH, Cu2O is thermodynamically stable, while at near-neutral to
acidic pH, various CuI chloride species can form as the [Cl−] increases. Increasing the
[Cl−] increases the stability of the dissolved CuI chloride species relative to Cu2O and
CuO, as shown by the expansion in the stability regions of the CuI chloride species. The
formation of Cu2O can occur in the presence of O2 and Cl− in neutral to alkaline
conditions, via the following reaction [30,31]:
2CuCl2− + 2OH−  Cu2O + H2O + 4Cl−

(1.7)

Under oxic conditions, Cu oxidation is coupled to O2 reduction:
O2 + 2H2O + 4e− → 4OH−

(1.8)

and the corrosion rate generally increases with increasing [O2] [29]. Electrochemical
studies have shown that the rate of the anodic reaction (Cu oxidation) is controlled by
both the potential and mass transport (diffusion) of dissolved CuI chloride complexes
from the surface, while the rate of the cathodic reaction (O2 reduction) is primarily under
charge transfer control (controlled by the rate of the interfacial reaction) in bulk solution
[29,31]. Consequently, the overall corrosion reaction is limited by the diffusion rate of Cu
species from the surface. However, the O2 reduction rate can be limited by O2 diffusion
to the surface if the dissolved [O2] in solution is small or becomes depleted (e.g. in
stagnant solution) [31]. Results from modelling predict that when a layer of clay is on the
Cu surface, O2 reduction becomes limited by the rate of diffusion through the clay,
thereby limiting the overall corrosion rate [29]. However, experimental results indicate
that, although the corrosion rate increases with [O2], it is not limited by the diffusion rate
of O2 through the clay to the surface, but by the diffusion rate of Cu species from the
surface [29,31].
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Figure 1.9: Pourbaix (E-pH) diagrams for the Cu/Cl–/H2O system at 25 °C for various
chloride concentrations: (a) 10–3 M, (b) 10–2 M, (c) 0.1 M, (d) 1.0 M. All diagrams are
constructed for a total dissolved Cu activity of 10–6 M [29].
Based on calculations that evaluated the amount of O2 trapped in a Canadian DGR after
closure to be 13 mol per container, the maximum Cu corrosion depth due to reaction with
O2 would be 81 µm [24]. This value is conservative however, since it assumes that all O2
reacts with Cu to form only CuI species (while there is a possibility that O2 will react with
CuI to form CuII species) and no O2 is consumed by other reactions, such as oxidation of
minerals and organic matter or biological processes of aerobic microbes in the DGR [24].
As shown in Equation (1.8), O2 reduction produces OH−, which increases the pH at the
Cu surface. The degree to which the pH increases depends on the relative rates of O2
reduction and OH− diffusion from the surface [29]. In slightly alkaline conditions, Cu2O
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is more stable because its solubility is at a minimum, whereas above pH ~9–12,
depending on the chloride concentration, the solubility of Cu2O increases [30]. The
surface film on Cu influences the corrosion behaviour, typically by lowering the rate of
O2 reduction [29].
Once anoxic conditions are established, sulfide (SH−) will become the species most
detrimental to Cu. SH− can originate from sulfate-reducing bacteria, although microbial
activity will be restricted to locations remote from the Cu surface due to the highly
compacted bentonite clay [32]. Consequently, the supply of SH− to the container will be
limited by its transport rate through the clay [29] and by its consumption through reaction
with iron minerals and subsequent precipitation as iron sulfide [32]. The corrosion of Cu
in sulfide and Cl−-containing solutions has been studied extensively. The key findings
from 2010 and earlier have been summarized by King and more recent findings have
been published subsequently [14,15,29,33–37]. In the presence of sulfide in anoxic
conditions, Cu corrodes to Cu2S, with this oxidation reaction being supported by the
cathodic reduction of the proton from H2O or SH− [29]. The rate of Cu corrosion is
limited by the rate of SH– transport to the surface [15,29]. The properties of the Cu2S
film, its protectiveness in particular, are influenced by the [Cl–]:[SH– ] ratio in solution
[29].

1.2.4

Carbon Steel Corrosion

In the presence of electrolyte, carbon steel will corrode under both oxic and anoxic
conditions. For the sake of brevity, only the corrosion behaviour of carbon steel in oxic
and anoxic, neutral, chloride-containing solutions will be discussed here. Oxidation of
carbon steel, which is primarily iron, occurs via the following anodic reaction:
Fe → Fe2+ + 2e−

(1.9)

In oxidizing conditions, Fe2+ can be further oxidized to Fe3+ and the rate of corrosion is
typically controlled by the cathodic reaction, which is usually much slower than the iron
oxidation reaction [38].
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1.2.4.1 Corrosion in Oxic, Neutral, Aqueous Solutions
Many researchers have studied the corrosion of carbon steel in oxic, neutral solutions and
the results from studies relevant to a DGR have been summarized in reviews by Smart
and Hoch [39] and King [40]. Under oxic conditions, the cathodic reaction coupled to the
anodic oxidation of Fe is
O2 + 2H2O + 4e− → 4OH−

(1.10)

and the transport rate of O2 to the corroding surface controls the corrosion rate, which is
typically directly proportional to the dissolved [O2] in solution [21,38–42]. Higher
dissolved [O2] also results in a higher flux of O2 to the steel surface, since the diffusion
rate at steady-state is proportional to [O2] [38]. Another factor that will influence the
corrosion rate is the chloride concentration. In chloride solutions, the corrosion rate of
steel reaches a maximum at a [Cl−] of ~0.5 M NaCl [21,38,43]. Above ~0.5 M, the
corrosion rate decreases with increasing [Cl−] due to the reduced solubility of O2 in
solution. Below ~0.5 M, the corrosion rate decreases with decreasing [Cl−] due to the
reduced conductivity of the solution [21,38,43].
As steel corrodes, corrosion products accumulate on the steel surface and act as an O2
diffusion barrier, thereby decreasing the corrosion rate [38,41], although they are usually
porous and not well-adhered [21]. For reference, the corrosion rate of carbon steel in
calm seawater (which can be used as an analogue for oxic DGR conditions), based on the
compilation of results from many studies, can range from 20 to 370 µm/a, depending on
the specific exposure conditions and the length of exposure, with the average rate being
~100 µm/a [41].
1.2.4.2 Corrosion in Anoxic, Neutral, Aqueous Solutions
In the absence of O2, the corrosion rate of carbon steel is initially high, but decreases as a
magnetite (Fe3O4) film forms [44,45]. The cathodic reaction supporting the corrosion of
steel is the reduction of water:
2H2O + 2e− → H2 + 2OH−

(1.11)
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Studies of carbon steel corrosion at ambient temperature, in neutral chloride-containing
solution in the absence of O2 report corrosion rates ranging from 1 µm/a to 10 µm/a [17–
21]. Comparing the methods used to obtain the corrosion rates, instantaneous
electrochemical measurements give higher corrosion rates than long-term weight-loss and
hydrogen evolution measurements [21]. Corrosion data measured over many years also
indicates that the corrosion rate is higher in the first one to few years, suggesting that
reliable long-term corrosion rates should be determined based on experiments that are
several years in duration [46]. Modelling of carbon steel corrosion under DGR
conditions, assuming a chloride concentration of 4.75 M, by King, Kolář, and Keech
shows the peak corrosion rate to be ~4 µm/a and the long-term steady-state rate to be
~0.1–1 µm/a [47]. The formation of a corrosion product film, which is composed of
magnetite (Fe3O4), blocks the interfacial dissolution reactions, thereby lowering the
corrosion rate [42,44,45].
1.2.4.3 Corrosion Products
The corrosion products that form on the steel surface are dependent on the specific
exposure environment. In both oxic and anoxic neutral solution, the initial overall
corrosion reaction results in the formation of Fe(OH)2:
Oxic:
Anoxic:

2Fe + O2 + 2H2O → 2Fe(OH)2

(1.12)

Fe + 2H2O → Fe(OH)2 + H2

(1.13)

These reactions typically occur in multiple steps that involve surface intermediates and
Fe dissolution followed by precipitation of corrosion products.
In the presence of O2, Fe(OH)2 will be further oxidized to produce FeIII-containing
compounds, as illustrated in Figure 1.10. If dissolved anions are also present, the
oxidation of Fe(OH)2 to FeIII oxides/oxyhydroxides proceeds via intermediate green rusts
(GR), which are unstable hydrated species containing various proportions of FeII, FeIII,
and the corresponding anion [48,49]. Chloride-containing green rust (GR(Cl−)) is formed
in aqueous solutions in the presence of Cl−, with the idealized chemical formula reported
as 3FeII(OH)2⋅FeIII(OH)2Cl⋅nH2O (also written as FeII3FeIII(OH)8Cl⋅nH2O) [48,49]. The
actual composition is reported to have a FeII:FeIII ratio that varies from 3:1 in the
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idealized structure down to ~2:1 as the [Cl−] increases [50]. The oxidation rate and the
concentrations of Cl− and Fe2+ in solution will determine which final corrosion products
will dominate [48,50–52]. The pH also strongly influences which reactions will occur
[51], but only neutral conditions will be discussed here. The iron oxides and
oxyhydroxides that can form are α-FeOOH (goethite), β-FeOOH (akaganeite), γ-FeOOH
(lepidocrocite), γ-Fe2O3 (maghemite), and Fe3O4 (magnetite). GR can occasionally
remain in the final corrosion products. Ferrihydrite, a hydrated FeIII oxyhydroxide
(reported as Fe5HO8∙4H2O but the exact composition is uncertain due to its small grain
size, relatively poor crystallinity, and variable degree of hydration), is another possible
iron corrosion product, but is infrequently observed in corrosion studies because it is
metastable and tends to transform to more stable species [53].

Figure 1.10: General formation and transformation pathways of iron corrosion products
that could form under DGR conditions (adapted from [54]).
Although iron corrosion products are often a mix of oxides/oxyhydroxides, certain
conditions favour the formation of particular species. Environments with high [Cl−]
(≥2 M) and high [Fe2+] (≥0.5 M) favour the formation of β-FeOOH: at even higher [Cl−]
and [Fe2+], β-FeOOH is the only corrosion product detected and even changing the
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oxidation rate only affects the kinetics of the reaction and not the phase of the
oxyhydroxide [52]. The formation of α-FeOOH is favoured in solutions containing either
a high [Fe2+] and lower [Cl−] or a high [Cl−] with lower [Fe2+] [52,55]. In strongly aerated
solution, γ-FeOOH forms preferentially to α-FeOOH [51,52,56], although over time,
γ-FeOOH transforms to α-FeOOH [51,57]. This transformation can occur via the
amorphous intermediate FeOx(OH)3−2x [51]. Lower [Fe2+] also favours γ-FeOOH [52],
although [Fe2+] must be >0 for γ-FeOOH to form at all [51]. For Fe3O4 to form from
Fe(OH)2 in oxidizing conditions, the rate of FeII oxidation must be low enough that there
is excess FeII in solution that can be incorporated into the oxide structure [58].
Maghemite, γ-Fe2O3, has almost the same structure as Fe3O4, but with a slightly smaller
cell size, all FeIII, and a deficiency in cations [59]. This structural similarity enables the
conversion of Fe3O4 to γ-Fe2O3 under oxidizing conditions [53].
In the absence of O2, Fe(OH)2 can transform to the FeII/FeIII oxide magnetite (Fe3O4) via
the Schikkor reaction [60]:
3Fe(OH)2 → Fe3O4 + 2H2O + H2

(1.14)

The presence of Cl− in solution increases the corrosion rate of carbon steel, likely due to
the competition between Cl− and OH− on the steel surface, which interferes with the
formation of Fe(OH)2 and consequently Fe3O4 [44,61,62]. In addition, FeIII
oxides/oxyhydroxides that may have initially been present on the carbon steel surface can
be reduced to Fe3O4 through reaction with dissolved FeII species or with the steel
substrate [63,64]. A study of the reduction of FeIII oxyhydroxides by FeII species in Cl−containing solutions showed that the conversion efficiency to Fe3O4 was in the order of βFeOOH > γ-FeOOH ≫ α-FeOOH [63]. Analysis of the corrosion products on carbon
steel coupons exposed to Cl−-containing solutions revealed that over the first 100 days of
exposure, the γ-Fe2O3 that had initially formed in air was reduced to Fe3O4 by coupling to
the oxidation of the steel substrate [64].
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1.2.5

Galvanic Corrosion of the Cu/Carbon Steel Couple

Galvanic corrosion is the accelerated corrosion of a metal because of an electrical contact
with a more noble metal or non-metallic conductor in an electrolyte. The two dissimilar
materials that are in electrical contact are referred to as the galvanic couple and the
current that flows between them is the galvanic current, Ig. Electrons generated by the
oxidation of the less noble metal (the anode) flow to the more noble metal (the cathode)
and reduce species at the cathode’s surface. The circuit is completed by ionic flow
through the electrolyte. In a Cu/carbon steel couple, Cu, being more noble, would act as
the cathode (with O2 reduction as the primary cathodic reaction), while steel would
experience accelerated corrosion as the anode (Fe oxidation) [65–67].
Under corrosion conditions, the potential of the couple, known as the galvanic potential,
Eg, will rest between the uncoupled Ecorr values of the two materials [68]. In the absence
of ohmic potential drop through solution, both members of the couple will be at the same
potential (at Eg) [68]. At Eg, the principle of charge conservation still holds, as it did at
Ecorr, meaning that the total oxidation (anodic) and reduction (cathodic) currents must be
equal (i.e., Ia = −Ic) [68]. If the surface areas of the two metals are equal, the anodic and
cathodic current densities, ia and ic, will also be equal. However, if the surface area of the
anode is smaller than the surface area of the cathode, ia will be greater than ic, which can
result in significantly more corrosion damage, in terms of depth of penetration, to the
anodic member of the couple. The degree to which the corrosion rate of the anode
increases will depend on the cathode:anode area ratio.
Other factors that will influence the extent of galvanic coupling are, in general, the
properties of the materials, their geometry relative to one another, and the exposure
environment. In the context of Cu-coated carbon steel containers, the critical factors—in
addition to the cathode:anode area ratio—are the amount of O2 available and the
composition of the groundwater (which will be modified by the bentonite clay barrier
present at the container surface in a DGR and by radiolysis products if the radiation field
is high enough outside the container). The concern is that if a container is emplaced with
a through-coating defect, as illustrated in Figure 1.6 at the location of the weld, a small
amount of exposed steel would be surrounded by a large area of Cu, which could result in
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an extremely high current density (and corrosion rate) on the exposed steel. However, the
distance over which the steel (anode) could couple to the Cu (cathode) will depend on the
dissolved [O2], the O2 diffusion coefficient, and the ionic strength of the environment (an
electrolyte must be present for any galvanic corrosion to occur). The amount of O2
available to drive corrosion will also depend on how much is consumed by other
oxidation processes in a DGR. In addition, the transport of species to the container
surface will be limited by the surrounding clay barrier and by corrosion products that may
form, which will further limit the corrosion rate.
Several researchers have studied the galvanic coupling behaviour of Cu and carbon steel
or cast iron in exposure environments relevant to DGR conditions. Whitman and Russell
studied the corrosion of steel in contact with Cu in tap water using mass loss
measurements. They found that the mass loss of a bare steel sheet was equal to that of a
steel sheet Cu-plated over 75% of its area, meaning that the corrosion of the coated steel
was four times greater per exposed unit area [69]. This accelerated corrosion of steel in
contact with Cu was consistently observed in all other studies conducted in aerated
conditions, although the magnitude of increase varied. Mansfeld and Kenkel found that
4130 (mild) steel coupled to Cu in naturally aerated 0.6 M NaCl solutions experienced a
13-fold increase in its corrosion rate [70]. A study by Astley and Scholes found the
corrosion rate of a Cu/mild steel couple in aerated seawater (typically ~0.6 M [NaCl]) to
be 270 µm/a based on mass loss measurements, which was approximately three times
greater than that of uncoupled mild steel [71]. This study also evaluated Cu/mild steel
couples with area ratios of 1:10 and 10:1 and reported corrosion rates of 110 µm/a and
6700 µm/a, respectively. For the 1:10 area ratio, even though the steel area was 10 times
larger than Cu, the corrosion rate only decreased by ~2.5 times compared to the 1:1 area
ratio. Based on theory, for a Cu/steel couple, increasing the anode (steel) area relative to
the cathode (Cu) area can decrease the degree of polarization of the steel from its
corrosion potential (Ecorr), such that oxidation of the steel can be supported by reduction
reactions on both Cu and its own surface [72]. This means that even if the area of Cu is
decreased relative to the area of steel, the corrosion rate may not be proportionally
smaller, which is what was observed experimentally by Astley and Scholes. For the 10:1
area ratio, the Cu area was 10 times larger than that of the steel, but the corrosion rate
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was ~25 times greater than that of the 1:1 area ratio. One would expect the corrosion rate
to increase proportionally to the increase in the cathode (Cu) area (provided the original
corrosion rate was not significantly supported by reduction on the steel surface, causing
additional corrosion damage) [72], but in this experiment the increase was much greater
than expected. The reason for this substantial increase is not clear. Studies in which wider
ranges of Cu/steel area ratios are tested experimentally are not available in the literature.
Smart et al. demonstrated that, in deaerated conditions, the corrosion rates measured from
Cu/cast iron couples were close to the corrosion rates of uncoupled cast iron (~0.1–
1 µm/a), while in oxic conditions the galvanic corrosion rate was significantly higher
(~100 µm/a) [66,73]. The conditions tested were groundwaters and bentonite slurries at
30 °C and 50 °C and it was found that the anoxic galvanic corrosion rate was lower at
30 °C (<0.1 µm/a) than at 50 °C (~1 µm/a). The authors noted that, in deaerated
conditions, although the corrosion rate was initially determined by the kinetics of the
cathodic reaction (H2 evolution reaction), the corrosion rate decreased over time due to
the corrosion product film that formed on the cast iron surface. Stoulil et al. also
investigated deaerated conditions, but with Cu/carbon steel couples in synthetic bentonite
pore water and saturated compacted bentonite at ambient temperature, 40 °C, and 70 °C
[67]. Measurement of Ig and the potentiodynamic polarization behaviour of the materials,
along with 1D numeric simulations, showed that coupling with Cu in the absence of O2
has a negligible effect on the corrosion rate of carbon steel.

1.3

Research Objectives and Overview

In light of the current gaps in our knowledge of the Cu/carbon steel couple, the research
objectives of this thesis are:


To evaluate the corrosion behaviour of carbon steel when it is coated with Cu but
has a through-coating defect, compared to separate steel and Cu electrodes
connected through an ammeter.
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To examine the evolution and extent of corrosion damage on Cu-coated carbon
steel at a through-coating defect as a function of time, exposure conditions, and
coating method.



To assess whether corrosion at a through-coating defect leads to de-adhesion of
the coating.



To investigate how corrosion of a Cu/carbon steel couple is affected by a wide
range of cathode:anode area ratios and Cl− concentrations.



To determine how the availability of O2 in solution affects corrosion when
combined with the aforementioned factors.



To evaluate the impact of voids on the effective thickness of Cu coatings applied
via cold spray deposition by analyzing the size, distribution, and interconnectivity
of the voids.

An overview of each chapter is provided below:
Chapter 2 introduces the materials and experimental techniques used in this research.
Chapters 3 and 5 discuss the features of the corrosion of Cu-coated carbon steel at a
through-coating defect in oxic and anoxic conditions, respectively. To study the corrosion
of defective coatings, novel specimens that have a simulated defect were designed and
fabricated from Cu-coated carbon steel. Experiments were performed in 3.0 M NaCl
solution sparged with O2, air, or Ar, or in an anaerobic chamber (with an Ar atmosphere).
The different [O2] provided insight into how the galvanic corrosion process changes as
the availability of O2 is reduced. The length of the experiments ranged from 1 day to over
1 year. The progression of corrosion was monitored by measuring the potential and the
polarization resistance of the specimen, which reflect the relative rates of the chemical
reactions occurring on the sample surface and the changes in the overall corrosion rate,
respectively. Additional information about the corrosion mechanism was obtained
through analyses of the corrosion product composition and distribution in and around the
defect using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
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(EDX), and Raman spectroscopy. X-ray micro-computed tomography (micro-CT), a nondestructive 3D imaging technique, was used to image the corrosion damage at the base of
the through-coating defect and along the Cu/steel interface; the features of the corrosion
damage, such as metal volume lost, were analyzed from the resulting data. Knowing the
corrosion damage volume and distribution, as well as the mechanism of corrosion is
essential for creating a model of the corrosion behaviour.
Chapters 3 and 4 present three sets of time-resolved corrosion studies performed at the
micro-CT beamline (2-BM-A) at the Advanced Photon Source (APS) synchrotron facility
at Argonne National Laboratory (Argonne, IL, USA). All three sets investigated how
corrosion propagates at a through-coating defect location by imaging corroding
specimens at a series of time points over 38–42 h. The first set of experiments, presented
in Chapter 3, used cold spray Cu/steel, heat-treated cold spray Cu/steel, and
electrodeposited Cu/steel specimens with through-coating defects that were exposed to
O2- or air-sparged 3.0 M NaCl solution. Conventional three-compartment
electrochemical cells were used for this first study, so specimens had to be removed from
solution to be imaged at each time point. Chapter 4 presents the second and third sets of
experiments. The second set of experiments aimed to resolve the issue of having to
remove samples from solution by using specially designed miniature electrochemical
cells so that the samples could be imaged in-situ (i.e., while staying exposed to solution).
The third set of experiments used improved miniature electrochemical cells to overcome
some experimental challenges experienced in the second set of experiments and also
included samples from the transition zone region of the Cu-coated carbon steel, where
electrodeposited Cu and cold spray Cu are overlapping, in addition to heat-treated cold
spray Cu/steel and electrodeposited Cu/steel. The experimental conditions were also
expanded to include Ar-sparged 3.0 M NaCl solution. Through these experiments, a
method for monitoring corrosion in-situ at a defective coating location and analyzing the
resulting data was developed and used to determine the influence of O2 availability and
Cu coating method and properties on corrosion propagation.
In Chapter 6, the impact of O2 availability, NaCl solution concentration, and
cathode:anode area ratio on the galvanic corrosion behaviour of Cu/carbon steel couples
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was evaluated by monitoring the galvanic potential, Eg, of the couple and the galvanic
current, Ig, passing between Cu and steel. The surface damage and corrosion products
were characterized using SEM/EDX and Raman spectroscopy. A new experimental
configuration was developed to reflect the geometry of a through-coating defect and to
minimize the influence of asymmetrical geometry on the results. The electrodes were
designed such that a cylinder of carbon steel was situated inside a ring of Cu as they were
immersed together in an electrolyte. The two electrodes were insulated from direct
contact but were electrically connected through a zero-resistance ammeter (ZRA). As Ig
cannot be measured when the two metals are in direct contact (as is the case for Cucoated steel), these experiments are essential in understanding the extent to which
galvanic coupling increases the corrosion rate of the anode. In addition, monitoring Ig
together with Eg provided insight into the changes in the kinetics of the corrosion
reactions over time.
Chapter 7 presents the results from analyses of the porosity in cold spray Cu. A method
was developed to analyze the micro-CT data from cold spray Cu-coated steel specimens
to identify the voids in the coating and determine their size, distribution, and
interconnectivity. These analyses have provided insight into the coating quality and have
been a valuable source of feedback for improving the coating process. Since the Cu
coating provides the corrosion protection for the used fuel container, the loss of Cu
coating thickness due to void space was determined.
Chapter 8 summarizes the results and conclusions of this research and outlines future
work.
This work has provided insight into the corrosion performance of Cu-coated carbon steel
that has a through-coating defect, expanded our understanding of the galvanic corrosion
behaviour of the Cu/steel couple, contributed to new methods of monitoring and
measuring concealed and internal corrosion damage, and will be used as the basis for
developing a finite element model to predict the damage to steel at a through-coating
defect, and thereby, the lifetime of a defective used nuclear fuel container under DGR
conditions.
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Chapter 2
Materials and Methods
This chapter introduces the materials and experimental techniques used in this research.
The specific details pertaining to each type of experiment are provided in the subsequent
chapters.

2.1

Materials

2.1.1 Cold Spray Cu-Coated Carbon Steel
The cold spray coating process uses a high-speed gas jet stream to accelerate solid Cu
powder particles towards the carbon steel substrate, Figure 2.1. Upon impact, the
particles deform plastically and consolidate. To adhere to the substrate, the velocity of the
particles must be above a certain threshold, known as the critical velocity, which depends
on the temperature of the particles on impact and the properties of the substrate and
particle materials [1,2]. One of the main advantages of cold spray deposition is that the
temperature of the sprayed particles is below their melting point, which avoids
undesirable chemical reactions, such as oxidation, and enables coatings to be formed with
very little oxygen content [1–3]. In addition, cold spray deposited coatings have much
lower porosity than coatings deposited by conventional thermal spray methods and can be
built up at high deposition rates to large thicknesses without adhesion failure [1,3]. One
drawback of cold spray deposition is that the cold spray coating has very little ductility,
due to the plastic deformation of the particles upon impact [1]. In applications where
ductility of the coating is necessary, which is the case for used nuclear fuel containers, a
heat treatment must be applied to regain ductility after cold spray deposition [4,5].

Figure 2.1: Schematic showing the cold spray deposition process. Modified from [6].
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Many parameters affect the properties of the cold spray coating, including the powder
particle morphology, composition, and size, the substrate surface preparation and
temperature, the carrier gas composition, temperature, and pressure, and the cold spray
gun traverse speed, step size, and standoff distance. By optimizing these parameters, cold
spray coatings with specific desired properties can be produced.
The cold spray Cu-coated carbon steel specimens used in this research were supplied by
the Surface Technologies Group (Advanced Forming and Coatings Division) of the
National Research Council’s Industrial Materials Institute (NRC) (Boucherville, QC,
Canada). High-purity Cu powder (37–42 µm average particle diameter) was deposited on
A516 Grade 70 steel plates, the surfaces of which had been grit blasted with 24 grit
alumina (Al2O3), using a PCS-800 (Plasma Giken Co., Ltd., Toshima-ku, Tokyo, Japan)
system.
He and N2 were used as the accelerating gases for the bond coat and subsequent coats,
respectively. The gas temperature was either 600 or 800 °C (the melting point of Cu is
1085 °C) and the gas pressure was 4.5–5.0 MPa. The bond coat is necessary for ensuring
sufficient coating adhesion to the substrate, and its thickness was a maximum of 100 µm.
Subsequent coats built up the coating thickness to at least 3 mm. To examine the
influence of post-deposition heat treatment, a number of the samples that were cut from
the cold spray Cu/steel specimens were heat-treated in a tube furnace for 1 h at 350 °C
under Ar gas. The heat treatment decreases the plastic strain and residual stresses in the
cold spray Cu coating, increases its ductility, and induces recrystallization [4,7–10]. At
350 °C, the cold spray Cu recrystallizes at least partially, and the temperature is low
enough to avoid undesirable grain growth [4,8,9].

2.1.2 Electrodeposited Cu-Coated Carbon Steel
The electrodeposition process selected for coating Canada’s used nuclear fuel containers
involves immersing the carbon steel substrate and a high purity, oxygen-free Cu anode in
a specialized chemical bath and applying current to oxidize Cu ions from the anode and
reduce them onto the steel substrate. The advantages of electrodeposition are its largescale production ability and the high-quality coatings it can produce. Using appropriate
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plating conditions, electrodeposited Cu coatings can be non-porous, high-purity, and have
excellent adhesion to the substrate, which are important characteristics for the coating
applied to used nuclear fuel containers.
The electrodeposited specimens used in this research were provided by Integran
Technologies Inc. (Mississauga, ON, Canada) and consisted of 3 mm of Cu
electrodeposited on A516 Grade 70 steel plates, the surfaces of which were machined to a
mean roughness of 3.2 µm prior to electrodeposition. Due to the large surface area of
used nuclear fuel containers, pulsed-current plating was used to ensure sufficient current
was applied. In comparison to conventional continuous current electrodeposition, pulsed
plating can produce deposits that are smoother, denser, and finer-grained, and deposition
speeds and current efficiency can be greater [11]. Typically, fine-grained structures are
desirable because they exhibit better corrosion performance. The primary bath
component is pyrophosphate, which helps minimize the carbon and oxygen content
within the Cu coating [5,12]; with this electrodeposition procedure, very pure Cu
coatings, with low oxygen content (<50 ppm) were produced [12]. The pyrophosphate
solution also enables good plating rates (which is useful for producing thick deposits),
nearly 100% cathode efficiency, good throwing power (which enables uniform deposition
over a large surface area that is not flat), and produces fine-grained deposits [11].

2.1.3 Transition Zone Cu-Coated Carbon Steel
The ‘transition zone’ is the region in the coating where the cold spray Cu coating
overlaps with the electrodeposited Cu coating, Figure 2.2. The transition zone exists
because the body and head of the Canadian used fuel containers will be coated via
electrodeposition, and after welding the container shut, the weld region will be coated via
cold spray deposition. The plates of transition zone Cu-coated carbon steel were provided
by Integran and NRC. Integran initially coated the plates partially with electrodeposited
Cu and NRC subsequently grit blasted the plates with 24 grit alumina and coated them
with cold spray deposited Cu to a total Cu coating thickness of >3 mm using a PCS-800
system, with He and N2 as the accelerating gases for the bond coat and subsequent coats,
respectively. The gas temperature was 800 °C and the gas pressure was 4.5–5.0 MPa. To

38

examine the influence of post-deposition heat treatment, a number of the transition zone
Cu/steel plates were heat-treated in a tube furnace for 1 h at 350 °C under Ar gas.

Figure 2.2: Illustration of the cold spray Cu and electrodeposited Cu coatings on a used
nuclear fuel container, and the “transition zone” region where they overlap at the location
of the closure weld.

2.1.4 Wrought Cu
Wrought Cu specimens (P-doped, 30–100 ppm, and O-free) were supplied by the
Swedish Nuclear Fuel and Waste Management Company (SKB) (Stockholm, Sweden).
Removing O and doping with small concentrations of P improves the creep strength of
Cu [13].

2.1.5 Carbon Steel
Carbon steel is an Fe-based material that, in general, contains less than 2% total alloying
elements, with C as the principal alloying element and no more than 1.65 wt% Mn,
0.60 wt% Si, and 0.60 wt% Cu; low-carbon steels contain up to 0.30 wt% C [14]. C has a
major effect on the properties of steel and is the principal element added to increase
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strength and hardness [14]. Mn also contributes to strength and hardness, but the degree
of increase is less than for C and depends on the C content [14]. P and S are considered
impurities, so typically only a maximum allowed content is specified. However, these last
two elements may be added to specialty carbon steels to achieve specific properties [14].
Si is added to molten steel as a deoxidizer (to remove O) and it contributes to strength
and hardness, although to a lesser extent than both C and Mn [14].
Carbon steel electrodes were cut from A516 Grade 70 carbon steel provided by the
Nuclear Waste Management Organization (NWMO) (Toronto, ON, Canada) (nominal
composition in wt%: 0.31 C, 0.85–1.20 Mn, 0.035 P, 0.04 S, 0.15–0.40 Si, balance Fe) or
from A516 Grade 70 carbon steel (composition in wt%: 0.23 C, 1.11 Mn, 0.07 P, 0.10 S,
0.26 Si, 0.01 Cu, 0.01 Ni, 0.02 Cr, 0.004 Mo, 0.036 Al, 0.019 V, 0.003 O) purchased
from Unlimited Metals (Longwood, FL, USA). The microstructure of A516 Grade 70
steel consists of ferrite (α-Fe containing small amounts of C) and pearlite, which is a
lamellar microstructure composed of alternating bands of cementite (Fe3C) and ferrite
[4,15], Figure 2.3.

Figure 2.3: Illustration of ferrite and pearlite grains in the microstructure of carbon steel.
The magnified portion of a pearlite grain shows the alternating cementite/ferrite structure.
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2.2

Experimental Design

2.2.1 Specimen Design
The electrodes designed to investigate the corrosion behaviour of a defective coating
were 2 mm–diameter cylinders or ~4 × 4 × 9 mm3 pieces of Cu-coated carbon steel with
a ~0.5 mm–diameter hole drilled down through the 3 mm–thick coating to the Cu/steel
interface to simulate a defect, Figure 2.4. These were cut from A516 grade 70 carbon
steel plates that had been Cu-coated via cold spray deposition, electrodeposition, or both
(the transition zone). A number of the cold spray Cu/steel specimens were heat-treated in
a tube furnace at 350 °C for 1 h under Ar gas. The drilled hole was cleaned out using
tetrachloroethylene (TCE).

Figure 2.4: (a) Illustration of a simulated defect in a Cu coating on steel; (b) and (c) Cucoated steel specimens with a hole drilled through the Cu to the steel.
Separate Cu and carbon steel electrodes were used for investigating the galvanic current,
Ig, flowing between the couple. Wrought Cu was cut into rings of varying outer and inner
diameter and A516 Grade 70 carbon steel was cut into cylindrical electrodes of varying
diameter. The Cu rings were 1.0 and 10.0 cm2 and the surface area of the CS electrodes
ranged from 0.004 to 1.0 cm2. By varying the size combination of the Cu and CS
electrodes, Cu:CS area ratios ranging from 1:1 to ~2500:1 were achieved.
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2.2.2 Electrochemical Cell Design
Three-electrode electrochemical cells, the electrodes comprising a working electrode
(WE), counter electrode (CE), and reference electrode (RE), were used. Two types of
cells were used: three-compartment electrochemical cells with ~500–700 mL of solution,
Figure 2.5, and miniature one-compartment electrochemical cells with either 7 or 15 mL
of solution, Figure 2.6. The WE and CE were either Cu-coated carbon steel and Pt,
respectively, or carbon steel and Cu, respectively. The RE was either a saturated calomel
electrode (SCE) (0.242 V vs. SHE (standard hydrogen electrode)) or an Ag/AgCl
electrode (0.197 V vs. SHE). For experiments using carbon steel as the WE and Cu as the
CE, both electrodes were immersed in the main compartment of the three-compartment
cell and the RE was immersed in a side arm. For all other experiments conducted in
three-compartment cells, the WE was immersed in the main compartment and the CE and
RE were immersed in side arms, which were separated from the main compartment by
glass frits. The arm in which the RE was immersed was connected to the main
compartment via a Luggin capillary to minimize any potential drop across the cell due to
solution resistance. The cell was fitted with a dispersion tube with a fritted end to sparge
the solution with gas. The details of each setup will be provided in subsequent chapters.

Figure 2.5: Schematic of a three-compartment electrochemical cell.
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Figure 2.6: Miniature electrochemical cells used for in-situ synchrotron experiments,
made of (a) polytetrafluoroethylene (PTFE) with a rubber stopper and (b) glass with a
PTFE lid and rubber stopper.

2.2.3 Solution Preparation
For all experiments, the electrolyte was a pH-neutral NaCl solution prepared with reagent
grade NaCl (Caledon Laboratories or Fisher Scientific) and ultrapure water from a
Thermo Scientific Barnstead Nanopure water purification system set to yield a resistivity
of 18.2 MΩ·cm. The solutions were sparged with either medical grade O2 or air
(PRAXAIR) for a minimum of 30 minutes, or ultra high purity Ar (PRAXAIR) for a
minimum of 60 minutes, before starting an experiment and sparged continuously
throughout the experiment. The gases used to sparge the solutions used in synchrotron
experiments (presented in Chapters 3 and 5) were ultra high purity O2, air, and Ar
(Airgas). For experiments conducted in an anaerobic chamber ([O2] <0.1 ppm), solutions
were prepared inside the chamber using ultrapure water that had been sparged with Ar for
a minimum of 60 minutes. All experiments were performed at room temperature (21 ±
2 °C).
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2.3

Electrochemical Techniques

2.3.1 Galvanic Potential (Eg) Measurements
The galvanic potential, Eg, reflects the state of an electrochemical system involving a
galvanic couple and will adopt a value between the uncoupled corrosion potentials, Ecorr,
of the two materials. Eg together with the galvanic current, Ig, or polarization resistance,
Rp, and how they respond together (whether they increase together or change in opposite
directions) provides a qualitative indication of the relative rates of the anodic and
cathodic reactions and how they change over time; Eg will adopt a value distant from the
Ecorr of the slower reaction (the rate determining reaction) and closer to the Ecorr of the
faster reaction (the potential determining reaction) [16]. Small changes in the rate of the
slower reaction tend to evoke small changes in Eg, but large changes in Ig, as illustrated in
the Evans diagram in Figure 2.7. In other words, the kinetics of the rapid reaction control
Eg, while the kinetics of the slow reaction control Ig. Eg is also useful in conjunction with
Pourbaix diagrams for determining which reactions are thermodynamically favourable.

Figure 2.7: Evans diagram illustrating how increasing the rate of the cathodic reaction
increases Eg slightly and Ig significantly. In this case the cathodic reaction is the ratedetermining reaction.
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Eg was monitored using a potentiostat (Solartron Model 1480 Multistat with CorrWare
software), which measured the potential difference between the working and reference
electrodes.

2.3.2 Linear Polarization Resistance (LPR) Measurements
Linear polarization resistance (LPR) is a non-destructive electrochemical technique that
is useful for measuring relative corrosion rates. LPR measurements involve scanning the
potential ±5 to 10 mV from Ecorr (or Eg in the present research) and measuring the
resulting current response. In this small region the current-potential relationship is
approximately linear, Figure 2.8, so the reciprocal of the slope yields the polarization
resistance, Rp:
𝑅p =

( )
∆𝐸
∆𝐼

(2.1)

∆𝐸→0

Rp is a measure of the opposition of the electrochemical interface to the passage of
current and, for a corrosion reaction, is inversely proportional to the corrosion rate of the
material. Performing LPR measurements at a series of times throughout the duration of
an experiment and comparing the Rp values over time provides information about the
relative corrosion rates. In addition, how Rp and Eg respond together provides information
about the corrosion process and how the system is changing over time.

Figure 2.8: Plot of I vs E showing the linear region around Eg.
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LPR measurements were performed at a scan rate of 10 mV/min, at regular intervals
throughout the duration of the experiment, using a potentiostat (Solartron Model 1480
Multistat with CorrWare software). Rp values were calculated according to equation (2.1)
and were multiplied by the surface area of steel at the base of the defect to achieve the
reported values, as it is the material that is corroding in the Cu/steel couple. There is a
degree of uncertainty associated with the surface area of steel, since as corrosion
progresses, the area increases, but also becomes covered with corrosion products that
block the surface. For this reason, only the initial surface area value was used. Although
this may result in uncertainty in the absolute Rp values, the values can still be compared
relative to one another to infer information about how the corrosion rate is changing.

2.3.3 Galvanic Current (Ig) Measurements
The galvanic current, Ig, flows between the anode and the cathode in a galvanic couple. Ig
cannot be measured when the two metals are in direct contact with one another because
in this configuration the current is flowing between the anode and cathode in a short
circuit cell. Separating the two metals and connecting them through a zero-resistance
ammeter (ZRA) enables the measurement of Ig, which provides a measure of the extent of
galvanic coupling leading to an increase in the corrosion rate of the anode. One limitation
of Ig is that the ZRA can only measure the net current that passes from one electrode to
the other, so Ig does not include any additional current from oxidation and reduction
reactions that occur on a single electrode. For this reason, Ig can significantly
underestimate the corrosion rate of the net anode if a substantial portion of its oxidation is
coupled to a reduction reaction on its own surface, rather than on the coupled net cathode
[17]. Similar to measuring Rp, monitoring Ig together with Eg provides insight into the
changes in the kinetics of the corrosion reactions over time.
Ig measurements were performed by connecting the carbon steel and Cu electrodes
through a ZRA (Keithley 6514 system electrometer with National Instrument software
written in-house). To calculate the galvanic current density, ig, the steady-state Ig was
divided by the surface area of the steel.
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2.4

X-ray Micro-Computed Tomography (Micro-CT)

X-ray micro-computed tomography (micro-CT) is a non-destructive 3D imaging
technique that was used in this research to investigate the internal corrosion damage and
the distribution of corrosion products inside a simulated coating defect, and the porosity
in cold spray Cu coatings. Micro-CT involves irradiating a sample with a beam of X-rays
as it rotates incrementally over either 180° or 360°. The transmitted X-rays, which have
been attenuated/lowered in intensity to varying degrees due to absorption by the sample,
are detected to create projected images. The series of projections collected over the 180°
or 360° rotation are reconstructed, using a computer and an algorithm, into the volume
data of the sample, which can be viewed in 3D as volume or in 2D as image slices. Figure
2.9 shows a schematic overview of the micro-CT process. Image contrast originates from
differences in the density of materials. The greater the density of a material, the more it
absorbs X-rays and the lighter it will appear in the image. The sample does not need to be
under vacuum, allowing for more flexibility in what can be imaged, e.g. imaging a
sample while it is immersed in solution.

Figure 2.9: Schematic overview of the micro-CT process. An illustration and images of
the sample are shown in Figure 2.4.

2.4.1 Laboratory-Based Micro-CT
Laboratory-based micro-CT was performed using a Nikon Metrology XT H 225 ST
micro-CT system at Western University’s Sustainable Archaeology facility. The sample
to be imaged was placed in the micro-CT scanning chamber, where it was irradiated by
X-rays as it rotated 360°. The transmitted X-rays were detected, and the resulting
projections were transferred to a computer. CT-Pro 3D software was used for the image
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reconstruction. The pixel size ranged from 2.5 µm to 4 µm, depending on how close the
sample was to the X-ray source; placing the sample closer to the source resulted in higher
magnification and, therefore, a smaller pixel and voxel size (a voxel is threedimensional).

2.4.2 Synchrotron Micro-CT
A synchrotron is a facility that produces extremely brilliant X-rays; greater brilliance
means that more X-rays of a given wavelength and direction are concentrated on a given
area per unit time. Synchrotron light is produced by accelerating electrons to nearly the
speed of light and circulating them around a storage ring. Magnets are used to change the
direction of the electrons; each time this occurs, the electrons emit energy in the form of
photons. Due to the extremely high speed of the electrons, the emitted photons are highenergy and are in the wavelength range of X-rays. At each beamline, a particular
wavelength (or range of wavelengths) is selected from the emitted X-rays, one with an
energy that suits the specific experiments and methods of analysis.
Synchrotron micro-CT was performed at the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL, USA) using beamline 2-BM-A. The sample was rotated 180° as
it was imaged, and the resulting projections were reconstructed using TomoPy, an opensourced, Python-based framework [18]. In-situ imaging (i.e., imaging samples as they
corrode) was feasible using synchrotron micro-CT because the high brilliance of the
synchrotron’s X-rays allows imaging times to be very short (~5 minutes). The pixel size
obtained in these experiments was 0.87 µm; due to the filtering used during the
reconstruction of the data, the effective resolution is about twice the pixel size, 1.74 µm.

2.4.3 Influence of X-rays on Solution Chemistry
X-rays produce water radiolysis products, which are a combination of oxidizing and
reducing species that can affect the corrosion behaviour. To assess the impact of water
radiolysis products, the spectrum of the 2-BM-A beamline was used to calculate the dose
rate, and thereby the concentration of species produced by water radiolysis in the
through-coating defect during the ~5 minutes the sample is exposed to X-rays. The
concentration of H2O2, which has been found to be the key radiolysis product controlling
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carbon steel corrosion [19], was below 10−8 M, demonstrating that the influence of water
radiolysis products on corrosion in these in-situ experiments is negligible.

2.4.4 Data Analysis
The reconstructed data were imported into software to visualize them in 2D as image
slices or in 3D as a volume and to analyze the volume of steel corroded at the base of the
defect, as well as any porosity in the Cu coating.
The volume of steel lost due to corrosion at the base of the through-Cu defect was
measured from the micro-CT data by separating (segmenting) the volume at the base of
the defect from the data using software. Cu, steel, and low-density areas were
differentiated by their greyscale values, with the lowest density areas being the darkest.
To obtain the volume due to corrosion alone and to reduce the influence of sample-tosample variation in the depth of the original drilled hole, the original volume of the defect
was subtracted from each subsequent corroded volume in the series. To ensure
consistency in the segmentation and measurement, each data set was aligned so that the
Cu/steel interface was horizontal and not tilted, and the segmentation was performed
from the same horizontal plane downwards in each data set from a given sample.
The porosity in cold spray Cu coatings was analyzed using the same general method as
described above for the corrosion volume, but the selection parameters were modified so
that the void spaces would be segmented.

2.5

Surface Analysis Techniques

2.5.1 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDX)
Scanning electron microscopy (SEM) is an analysis technique used to examine surfaces.
SEM uses a focused electron beam, produced in an electron gun, to image a surface. The
electron beam is accelerated by the potential difference between the cathode, which is the
electron source, and the anode plate, and focused using magnetic lenses. Having a wellfocused, narrow electron beam is important, as the resolution of an SEM image cannot be
greater than the incident electron beam diameter; a diameter of 10 nm is typically
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achievable [20]. Scanning coils that generate a magnetic field are used to deflect the
electron beam across the surface in a regular pattern, which is known as raster scanning.
When the incident electron beam penetrates the surface, secondary electrons (SE),
backscattered electrons (BSE), and X-rays are produced, Figure 2.10, each of which
provides different information about the surface.

Figure 2.10: Schematic of the excitation volume caused by an incident electron beam and
regions from which different signals are generated.
SEs are generated by inelastic collisions and, because of their relatively low energy, can
only escape from the first few nanometers of the sample surface. Detecting the intensity
of SEs as a function of their location of origin yields a topographical image of the
surface; SEs from higher locations have a higher probability of reaching the detector and,
therefore, appear brighter in the image. At lower accelerating voltages the penetration
depth of the incident electron beam is smaller and, consequently, the SEs come from a
shallower depth, thereby resulting in an SE image that shows more surface features (i.e.,
is more surface-sensitive).
BSEs are electrons from the primary beam that have been ejected from the surface due to
elastic collisions. BSEs can come from deeper locations, up to about half the penetration
depth of the primary electron beam, because they retain the majority of their kinetic
energy after being elastically scattered [20]. This decreased surface sensitivity means that
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although BSE images have some topographical contrast, it is weaker than the contrast of
SE images. BSE images can, however, show contrast based on variations in chemical
composition and material structure. Elements with a higher atomic number have a higher
probability of backscattering electrons, so they appear brighter in BSE images. In
addition, the orientation of crystal planes affects the degree of penetration of the primary
electrons, which results in contrast between the different plane orientations [20]. This
structural and elemental contrast can be useful for imaging the microstructure of the
surface and finding areas of different elemental composition.
Complementary to SEM is energy dispersive X-ray spectroscopy (EDX), which is used
for quantitative elemental analysis. When the primary electron beam ejects an electron
from the inner shell of an atom, an electron from a higher-energy shell can drop down to
fill the vacancy, releasing its excess energy as an X-ray. The energy of the emitted X-ray
is characteristic of that transition, and thus of the element from which it came. The
intensity of the signal can then be used to quantify the elemental composition of the area
analyzed. EDX maps show the spatial distribution of elements and can be produced by
repeatedly scanning a selected area and displaying the intensity of a selected X-ray
energy. An EDX map is produced for each element of interest and using the maps in
conjunction with an SEM image of the same area provides information about the
elemental composition of the features seen in the SEM image. EDX can detect elements
with an atomic number ≥4, and the limit of detection is ~0.1–0.3 wt% [21]. The lateral
spatial resolution can be up to 0.2–5 µm and the depth from which the X-rays originate
can be almost as deep as the penetration depth of the primary electron beam, the specific
depth depending on the density of the material being examined, and also on the atomic
numbers of the elements that compose the sample [21].
SEM/EDX was performed at Surface Science Western using a Hitachi S-4500 field
emission SEM with a Quartz XOne EDX system or a Hitachi SU3500 Variable Pressure
SEM combined with an Oxford AZtec X-Max50 SDD X-ray analyzer.
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2.5.2 Raman Spectroscopy
Raman spectroscopy provides information about the chemical composition and structure
of materials by using a laser to probe the molecular vibrations of the material. Typically,
a microscope is used to focus the laser onto the sample, thereby achieving micrometerscale spatial resolution. When the laser interacts with the molecules in the material, a
portion of the incident photons will be scattered. The majority of the scattered photons
will be scattered elastically (Rayleigh scattering), retaining the same frequency as the
incident beam, while a small fraction will experience a change in frequency (Raman
scattering) [22]. The change in frequency is due to energy either lost or gained from the
photon interacting with a molecule. If a molecule absorbs an incident photon, is excited
to a virtual energy state and relaxes to a state that is higher in energy than its initial state,
the scattered photon will have lost energy; this is termed Stokes scattering. Anti-Stokes
scattering is the term used for photons that have gained energy, which occurs when a
photon is absorbed by a molecule that is initially in an excited vibrational energy state
and subsequently relaxes to its ground state after having absorbed and then released the
photon.
The transitions and peak positions for Rayleigh, Stokes, and anti-Stokes scattering are
illustrated in Figure 2.11. For Raman scattering to occur, a molecule must be Ramanactive, meaning that its polarizability must change as it vibrates [22]. At room
temperature molecules tend to be in their ground vibrational state, so Stokes scattering
tends to be more abundant than anti-Stokes scattering. This is the reason that Stokes
scattering is typically measured, rather than anti-Stokes, in Raman spectroscopy. A
Raman spectrum is expressed as a plot of intensity vs. Raman shift, where the frequency
of the incident light is 0 cm−1. Although Stokes lines have a negative frequency shift,
they are assigned as positive numbers in Raman spectra by convention. The Raman
spectrum observed for a particular molecule is a reflection of its unique vibrational
energy levels and, therefore, the combination of characteristic Raman shifts, along with
the relative intensities of the Raman peaks, can be used as a fingerprint to aid in
identifying the species in question.
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Figure 2.11: Energy level diagram showing the transitions for Rayleigh, Stokes, and antiStokes scattering.
Raman spectroscopy was performed at Surface Science Western using either a Renishaw
Model 2000 Raman Spectrometer or a Renishaw InVia Reflex Raman Spectrometer, both
with a 633 nm laser wavelength. The laser beam was focused using an optical microscope
with a 50× objective lens.
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Chapter 3
Oxic Corrosion of Cu-Coated Carbon Steel at a
Through-Coating Defect1
3.1

Introduction

As described in Chapter 1, galvanically accelerated corrosion of carbon steel can occur if
it is in contact with Cu in the presence of electrolyte. In the context of the Cu-coated
carbon steel containers proposed for the permanent disposal of used nuclear fuel, this
scenario could occur if a container is placed in a deep geological repository (DGR) with a
through-coating defect and could potentially result in significant corrosion damage to the
steel vessel, as it would bypass the Cu coating corrosion barrier. Oxidizing conditions are
expected to produce the greatest corrosion rates, due to the coupling between O2
reduction on Cu and steel oxidation. Consequently, examining the extent of corrosion in
these conditions is essential for understanding the impact of corrosion on the lifetime and
integrity of the used fuel containers.
While other researchers have investigated galvanic coupling between Cu and carbon steel
in oxic conditions (as summarized in Chapter 1) [1–5], this couple had not been studied
in the configuration of Cu-coated steel with a through-coating defect. In this study, this
scenario was researched by drilling a hole through a Cu coated specimen to reveal the
steel substrate, thereby simulating a defective coating. These samples were exposed to

1This chapter includes work that has been published in:

T.E. Standish, D. Zagidulin, S. Ramamurthy, P.G. Keech, D.W. Shoesmith, J.J. Noël, Synchrotron-based
micro-CT investigation of oxic corrosion of copper-coated carbon steel for potential use in a deep
geological repository for used nuclear fuel, Geosciences. 8 (2018) 360.
T.E. Standish, D. Zagidulin, S. Ramamurthy, P.G. Keech, J.J. Noël, D.W. Shoesmith, Galvanic corrosion
of copper-coated carbon steel for used nuclear fuel containers, Corros. Eng. Sci. Technol. 52 (2017) 65–69.
T. Standish, J. Chen, R. Jacklin, P. Jakupi, S. Ramamurthy, D. Zagidulin, P. Keech, D. Shoesmith,
Corrosion of copper-coated steel high level nuclear waste containers under permanent disposal conditions,
Electrochim. Acta. 211 (2016) 331–342.
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3.0 M NaCl solution with different dissolved [O2] and were monitored electrochemically
to determine how the surface redox conditions changed over time. Additional information
about the corrosion mechanism was obtained by analyzing the corrosion product
composition and distribution in and around the defect using scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and Raman
spectroscopy. Notably, synchrotron X-ray micro-computed tomography (micro-CT) was
used to observe, directly and non-destructively, the evolution of corrosion damage to
steel at the base of the defect and how it changed with the Cu coating method and [O2].
The volume of steel corroded was measured from the 3D micro-CT data and used to
calculate the amount of O2 consumed by coupling to the anodic dissolution of steel.
Laboratory-based micro-CT was also used to image the corrosion damage after longerterm exposures. These values and observations contribute to our understanding of the
galvanic corrosion behaviour of the Cu/steel couple and to the ultimate goal of
developing a finite element model to predict the extent of corrosion at a through-coating
defect under DGR conditions.

3.2

Experimental

3.2.1 Cu-Coated Carbon Steel Specimens
The samples for the synchrotron micro-CT experiments were 2 mm–diameter cylinders
of Cu-coated carbon steel with a ~0.5 mm–diameter hole drilled down through the
3 mm–thick coating to the Cu/steel interface to simulate a defect, Figure 3.1(a). These
were cut from A516 grade 70 carbon steel plates that had been Cu-coated via cold spray
deposition or electrodeposition; details of the coating processes have been given in
Chapter 2, section 2.1. A number of the cold spray Cu/steel specimens were heat-treated
in a tube furnace at 350 °C for 1 h under Ar gas.
For all specimens, the top Cu surface was wet-ground by hand with SiC paper to a P320,
P600, and finally P1200 grit finish, using a minimal amount of water and drying the
sample frequently to ensure that the steel at the base of the drilled hole remained dry. To
enable electrochemical measurements, a wire was soldered to the steel substrate and heatshrink polytetrafluoroethylene (PTFE) tubing was used to cover the wire. Samples were
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sonicated in methanol to remove any polishing residue prior to being coated with Torr
Seal epoxy (Kurt J. Lesker Canada, Inc., Concord, ON, Canada) on all sides except for
the top Cu surface, Figure 3.1(b). Two coats were applied, each allowed to cure at 60 °C
for 2 h. Torr Seal epoxy was used because, unlike many other epoxies, it does not
degrade when exposed to synchrotron X-rays, which are extremely intense. Before
beginning each experiment, the top Cu surface was wet-ground to a P2400 grit finish
using SiC paper and the sample was sonicated in methanol and dried in a stream of Ar.
The electrodes for the electrochemical and laboratory-based micro-CT experiments were
made in the same manner, except that they were cut such that the top Cu surface was
~4 mm × 4 mm, and were painted with three coats of Amercoat epoxy resin instead of
Torr Seal, each coat being allowed to cure at 60 °C for 24 h, Figure 3.2.

Figure 3.1: Cu-coated steel specimen with a hole drilled through the Cu to the steel,
(a) uncoated, and (b) with a wire connector covered with heat-shrink PTFE tubing and
coated with Torr Seal. Modified from [6].
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Figure 3.2: Cu-coated steel specimen with a hole drilled through the Cu to the steel,
(a) uncoated, and (b) with a wire connector and coated with Amercoat. Modified from
[7].

3.2.2 Electrochemical Setup
Experiments were performed in a three-electrode electrochemical cell, with Pt foil as the
counter electrode, a saturated calomel electrode (SCE) as the reference electrode, and a
Cu-coated carbon steel sample as the working electrode. While the exact groundwater
conditions within the Canadian DGR are uncertain, they are expected to be chloridedominated, and may range from 0.04 g/L to 200 g/L (0.001 M to 5.6 M) in chloride, with
a near-neutral pH [8] (additional details regarding the anticipated conditions in a
Canadian DGR are provided in Chapter 1, section 1.2.2). Accordingly, for this
experimental program the electrolyte was a pH-neutral, 3.0 M NaCl solution prepared
with reagent grade NaCl (Caledon Laboratories) and ultrapure water from a Thermo
Scientific Barnstead Nanopure water purification system set to yield a resistivity of
18.2 MΩ·cm. The solution was sparged with either medical grade O2 or air (PRAXAIR)
for a minimum of 30 minutes before starting an experiment, and sparging continued
throughout the experiment. For the experiments performed at the synchrotron, the
sparging gases were ultra high purity O2 and air (Airgas). To inject solution into the
defect, a syringe with a long, 0.41 mm–diameter needle was used. All experiments were
performed at room temperature (21 ± 2 °C).
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The galvanic potential (Eg) of the Cu-coated steel electrode was monitored throughout the
experiments and its polarization resistance (Rp) was measured periodically using the
linear polarization resistance (LPR) technique. Eg and Rp measurements were performed
using a Solartron 1480 potentiostat and CorrWare software. LPR experiments were
performed by scanning the potential ±5 mV from Eg at a rate of 10 mV/min and recording
the resulting current.

3.2.3 Surface Analysis
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
were performed using a Hitachi S-4500 field emission SEM equipped with a Quartz
XOne EDX system.
Raman spectroscopy was performed using a Renishaw Model 2000 Raman Spectrometer
with a HeNe laser with a wavelength of 633 nm and an optical microscope with a 50×
magnification objective lens, which produces a focused beam ~2 µm in diameter at the
sample surface.

3.2.4 Laboratory-Based Micro-CT
Laboratory-based micro-CT was used to image the corroded Cu-coated steel specimens
that were used for the laboratory corrosion experiments. Micro-CT was performed using
a Nikon Metrology XT H 225 ST micro-CT system at Western University’s Sustainable
Archaeology facility. The pixel sizes (resolution) of the data shown here are 3.49 and
3.85 µm.

3.2.5 Synchrotron Micro-CT
Synchrotron micro-CT, a non-destructive 3D imaging technique, was used to image the
corroding Cu-coated steel samples periodically over a 42-h exposure period. The
synchrotron micro-CT spatial resolution was 0.87 µm for the configuration used in these
experiments, which enables accurate corrosion damage volume measurements from the
resulting data. In addition, the high intensity of the synchrotron’s X-rays allowed imaging
times to be very short (~5 minutes), which made imaging samples as they corrode
feasible. In this set of experiments, the samples were removed from solution at each
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imaging time-point. During imaging the solution evaporated from the defect, so after
imaging, solution was gently injected into the defect using a syringe with a fine needle
before placing the sample back into the electrochemical cell. Experiments were
performed at the Advanced Photon Source (APS) (Argonne National Laboratory,
Argonne, IL, USA) using beamline 2-BM-A.
The resulting data were reconstructed using TomoPy, an open-sourced, Python-based
framework [9]. The reconstructed data were imported into software to visualize them in
2D as image slices or in 3D as a volume and to calculate the volume of steel corroded at
the base of the defect.

3.2.6 Corrosion Damage Volume Measurements from Micro-CT Data
The volume of steel lost due to corrosion at the base of the through-Cu defect (i.e., the
corrosion damage volume) was measured from the micro-CT data by segmenting the
volume at the base of the defect. Cu, steel, and low-density areas were differentiated by
their greyscale values, with the lowest density areas being the darkest. To obtain the
volume due to corrosion alone and to reduce the influence of sample-to-sample variation
in the depth of the original drilled hole, the original volume of the defect was subtracted
from each subsequent corroded volume in the series. To ensure consistency in the
segmentation and measurement, each data set was aligned so that the Cu/steel interface
was horizontal and not tilted, and the segmentation was performed from the same
horizontal plane downwards in each data set from a given sample.

3.3

Results

3.3.1 Electrochemistry
3.3.1.1 Oxygenated Conditions
The electrochemical data from a cold spray Cu-coated steel sample exposed to an O2sparged 3.0 M NaCl solution are shown in Figure 3.3. Eg was initially between
−0.42 VSCE and −0.52 VSCE and Rp was low, indicating that the steel was freely corroding
at this point. After ~4 h, Eg increased to −0.29 VSCE over a span of 20 min accompanied
by an increase in Rp. These increases in Eg and Rp were likely due to a decrease in the rate
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of steel dissolution (i.e., the corrosion reaction was anodically controlled), (corrosion rate
∝ Rp−1). This behaviour is indicative of the formation of a protective oxide film or
corrosion product deposit on the steel. Eg subsequently relaxed to −0.33 VSCE and
remained steady for 20 h, after which it began to oscillate while the Rp values became
erratic. The drops in Eg and corresponding reductions in Rp were most likely due to
intermittent breakdown events in the protective film/deposit, which exposed the steel
surface and increased the corrosion rate. The rises in Eg and Rp suggest that the protective
film on steel re-grew at the breakdown site. Similar fluctuating behaviour has been
observed previously on carbon steel [10]. Between days 6 and 15, Eg and Rp decreased
continually; this can be interpreted as an irreversible loss of protectiveness of the
corrosion product film (deposit) leading to an increase in steel dissolution. For the
remainder of the exposure period after ~15 days, Eg was effectively stable, as were the Rp
values, demonstrating that there was no significant change in the corrosion rate, nor in the
oxide film on the steel surface. The temporary excursions in Eg and Rp at days 17 and 46
were the result of interruptions in O2-sparging and indicate that the rate of steel corrosion
was controlled by the supply of O2 to the coupled Cu surface (cathodic control) during
this stage.
All replicate experiments experienced the same transition to high Eg values within the
first 4–10 h of the experiment and similar Eg values before and after the transition, Table
3.1.
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Figure 3.3: Eg (line) and Rp (triangles) data for a cold spray Cu-coated steel sample in O2sparged 3.0 M NaCl solution. The inset shows an expanded view of the Eg and Rp data
from the beginning of the experiment to day 6.5.
Table 3.1: Results from replicate experiments of a cold spray Cu-coated steel sample in
O2-sparged 3.0 M NaCl solution.
Replicate

1
2
3

Maximum
pre-transition:
Eg vs SCE (V)
−0.45
−0.47
−0.42

Time until
transition to
high Eg (h)
4.1
5.2
9.3

Duration of
transition to high
Eg (min)
20
12
24

Post-transition,
until 24 h:
Eg vs SCE (V)
−0.29 to −0.33
−0.30 to −0.33
−0.33 to −0.37
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3.3.1.2 Aerated Conditions
The electrochemical data for a cold spray Cu-coated steel sample exposed to an airsparged 3.0 M NaCl solution are shown in Figure 3.4. As in O2-sparged solution, Eg and
Rp were initially low, indicating that the steel was undergoing active dissolution.
Beginning at day 20, Eg and Rp rose significantly over 2.5 days, suggesting that the steel
was attempting to passivate by forming a protective oxide film/deposit. However, any
protection by this film/deposit was temporary, as demonstrated by Eg and Rp decreasing
again over the next 6.5 days as reactivation of steel corrosion occurs. Subsequent
increases in Eg accompanied by temporary increases in Rp indicate attempts to prevent
reactivation, with Eg eventually stabilizing at ~−0.59 VSCE and Rp reaching a constant
value of ~40 Ω·cm2.
A replicate experiment showed the same overall corrosion behaviour. The initial period
before Eg increased significantly was much shorter (1.2 h compared to 20 days), but the
time over which Eg increased was very similar (2.0 days compared to 2.5 days), as was
the value to which it increased (−0.38 VSCE vs. −0.39 VSCE). Eg also subsequently
decreased, with intermittent increases, over 7.7 days before stabilizing at ~−0.57 VSCE.
LPR was not performed for the first 9 days of the 27-day experiment, but the Rp values
that were recorded thereafter (during the period in which Eg stabilized) were ~48 Ω·cm2.
The Eg values were lower and Rp values higher in aerated (as compared to oxygenated)
conditions, indicating that the anode, steel, was less polarized by the cathode and the
corrosion rate was lower. This is consistent with the interpretation that O2 reduction on
Cu is the driving force for the anodic dissolution of steel and is the rate determining
reaction, since a lower dissolved [O2] resulted in to lower Eg and corrosion rate values.
Although values of Eg, Rp, and the timing of events were different in aerated and
oxygenated conditions, the overall corrosion behaviour was generally the same. In both
conditions, Eg and Rp values responded simultaneously and demonstrate that although a
partly protective corrosion product deposit initially formed on the steel, it did not provide
effective, nor permanent protection. Breakdown of this protective layer eventually led to
the establishment of steady-state galvanic corrosion conditions.
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Figure 3.4: Eg (line) and Rp (triangles) data for a cold spray Cu-coated steel sample in airsparged 3.0 M NaCl solution.

3.3.2 Surface Analyses
To examine the corrosion damage and to determine the composition of the corrosion
products formed inside the coating defect, after corroding for 24 h in oxygenated 3.0 M
NaCl, a cold spray Cu/steel specimen was mounted in resin and cross-sectioned by
polishing with SiC paper and non-aqueous solvent (Varsol). Figure 3.5 shows a SEM
image of the base of the defect (which penetrated slightly into the steel when first drilled)
and a series of Raman spectra recorded at the numbered locations on the image. The
image shows a substantial oxide film on the exposed steel surface (location 1), which
agrees with the electrochemical data showing an active-to-(partially)-passive transition,
due to the formation of a protective oxide film or corrosion product deposit. The broad
Raman peak between 670 and 720 cm−1, Figure 3.5, spectra 1 and 2, suggests the
presence of maghemite, γ-Fe2O3 [11,12], as indicated by the vertical lines. However, the
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dominant A1g mode of magnetite (Fe3O4) (670 cm−1) [13], the dominant peak for
ferrihydrite (710 cm−1) [12], and a peak attributable to akaganeite (β-FeOOH) (723 cm−1)
[14] also occur in this region, making an unambiguous identification of the film
impossible.
Raman spectra recorded at locations 3 to 7 all exhibit the same peaks, but with some
variation in the intensities of individual bands. The vertical coloured lines indicate the
characteristic Raman shifts for lepidocrocite (γ-FeOOH) [11,15], goethite (α-FeOOH)
[11,15], and akaganeite (β-FeOOH) [12,14]. These phases are expected to form in the
presence of O2 and Cl−, and which phase is dominant depends on their solution
concentrations and that of Fe2+ [14]. Environments with high [Cl−] (≥2 M) and high
[Fe2+] (≥0.5 M) favour the formation of akaganeite, while lower [Fe2+] favours
lepidocrocite, and goethite forms when either [Cl−] or [Fe2+] is high while the other is low
[14]. In solutions containing a high [O2], lepidocrocite forms preferentially to goethite
[14,16] but can transform to goethite with time [17]. Inside the defect, the corrosion
product is a mix of the above three phases with the peaks for akaganeite being relatively
the most intense. This would be expected for the high [Fe2+] and [Cl−] conditions likely to
prevail within the defect. The results from electrochemical measurements (Figure 3.3 and
Figure 3.4) and Raman spectroscopy (Figure 3.5 and Figure 3.6) indicate an evolution of
redox conditions within the defect with immersion time. The universal formation of FeIII
oxyhydroxides at the base of the defect, on the walls of the Cu coating, and on the
external surface of the coating, indicates oxidizing conditions existed at short exposure
times.
As shown in Figure 3.6, a substantial amount of iron was transported out of the defect
and deposited on the external Cu surface in an orangey-red ring. For this to occur,
transport would be as Fe2+, which has a solubility six orders of magnitude greater than
that of Fe3+ in the near neutral pH range of these experiments. For this to occur, O2 must
become significantly depleted within the defect. Raman analyses show γ-FeOOH to be
the dominant phase of the corrosion product deposits around the defect (locations 1–3,
Figure 3.6): once Fe2+ diffusing out of the defect encounters the high O2 concentration
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prevailing in the bulk of the solution, FeIII oxyhydroxide deposits are formed by the
homogeneous oxidation of Fe2+ to the much less soluble Fe3+:
4Fe2+ + O2 + 6H2O → 4FeOOH + 8H+

(3.1)

A Raman spectrum recorded on the Cu surface beyond the deposit (location 4, Figure
3.6) shows peaks at 148 and 219 cm−1 and a broad peak doublet between 490 and
650 cm−1. The peak at 219 cm−1 is characteristic of Cu2O and the peak at 148 cm−1 and
the broad peak doublet between 490 and 650 cm−1 are frequently observed in spectra
recorded on metallic Cu surfaces and may indicate the presence of Cu2O [18–24]. EDX
analysis of the same location confirmed the absence of Fe and the presence of Cu and O.
EDX analysis of the Cu surface slightly closer to the defect (between locations 2 and 4,
Figure 3.6) showed higher amounts of O, suggesting a thicker Cu oxide. A difference in
the Cu surface can also be seen visually by the change from a light Cu colour at the left
edge of the specimen to a dark colour, indicative of Cu2O, closer to the corrosion product
deposits around the defect.
Since deposition of the FeIII oxyhydroxides occurs outside the defect, O2 must be
depleted within it, avoiding extensive oxidation and deposition and allowing diffusive
transport of soluble Fe2+, thereby maintaining the active corrosion of the steel detected
electrochemically. Transport of Fe2+ will also be facilitated by its hydrolysis as FeOH+
and complexation as FeCl+ (at this Cl− concentration) within the defect, although the
latter is not shown in the schematic, Figure 3.7, that illustrates the conditions, equivalent
to those in an active pit, prevailing within the defect.
The composite of SEM images, Figure 3.8, shows the entire defect in cross section.
Based on the uniform width of the defect and the absence of Cu corrosion products
detected by Raman spectroscopy, the Cu remained essentially uncorroded while the steel
exhibited obvious corrosion. The corrosion products at the base of the defect appear to be
more compact than the corrosion products deposited on Cu further up in the defect,
towards the outer Cu surface. The corrosion products higher up in the defect are more
granular, which is characteristic of precipitated deposits.
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EDX analysis of the areas labelled in Figure 3.8, shows that the corrosion products
deposited on areas 1, 3, and 4 are rich in Fe and O, Table 3.2, indicating the presence of
iron oxide or oxyhydroxide. Area 2 does not have a visible corrosion product film and
EDX detects Cu and O, and only a small amount of Fe. This suggests that area 2 is
primarily Cu oxide, with a minor deposit of iron oxide/oxyhydroxide. The Cl detected is
likely incorporated into the corrosion product, since Na is not detected and akaganeite,
β-FeOOH, is known to host chloride [14]. The large amount of C detected is most likely
polishing residue from the epoxy resin in which the sample was mounted.
The EDX maps recorded at the Cu/steel interface adjacent to the coating defect, Figure
3.9, also show an O signature along the Cu/steel interface associated with the steel,
indicating propagation of corrosion along the steel surface at this location. The spread of
the O signature downward from the Cu/steel interface on the left side of the EDX map
correlates to the surface debris seen in the SEM image, indicating that is it is a smear
from polishing the cross section. Raman analyses (location 2 in Figure 3.5) indicate that
the oxide formed along the Cu/steel interface (likely maghemite) is identical to that
formed on the steel surface at the base of the defect (location 1 in Figure 3.5). The
presence of Al at the interface can be attributed to the use of Al2O3 to grit blast the steel
surface prior to applying the cold spray coating [25]. Cl is not present at the interface in
appreciable quantities, which suggests that the iron oxide at the interface contains little to
no Cl. The small amount of Cl detected correlates with impurities present on the surface
of the sample that are likely from polishing.
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Figure 3.5: (a) SEM image of a cross section showing the base of the defect corroded in
an O2-sparged 3.0 M NaCl solution for 24 h; (b) Raman spectra recorded at the numbered
locations in (a).
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Figure 3.6: (a) Optical image showing the Cu surface after corrosion in an O 2-sparged
3.0 M NaCl solution for 24 h; (b) Raman spectra recorded at the numbered locations
peripheral to the defect in the Cu coating in (a).
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Figure 3.7: Schematic illustration of the chemistry inside a coating defect during
corrosion in a NaCl solution containing dissolved O2.
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Figure 3.8: Composite of SEM images from the cross section of a Cu/steel specimen
corroded for 24 h in an O2-sparged 3.0 M NaCl solution.
Table 3.2. Elemental composition (wt%) detected by EDX analysis of deposits in the
areas labelled in Figure 3.8.
Area
1
2
3
4

Fe
13.6
6.8
21.0
35.8

Cu
7.8
19.7
15.5
15.8

O
14.2
21.2
13.8
19.5

Cl
1.4
1.0
1.8
3.2

C
57.0
45.2
42.4
23.5

N
3.4
4.6
2.4
1.6

Si
2.7
1.5
3.2
0.6
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Figure 3.9: SEM images and EDX maps recorded at the Cu/steel interface on each side of
the coating defect. Modified from [7].
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3.3.3 Laboratory-Based Micro-CT
The micro-CT image slices of cold spray Cu/steel samples exposed for 50 days in an O2sparged 3.0 M NaCl solution, Figure 3.10, and for 27 days in an air-sparged 3.0 M NaCl
solution, Figure 3.11, show how the corrosion front propagated into the metal and along
the interface and where corrosion products were deposited. The images have been colour
treated to facilitate differentiation among Cu, steel, corrosion products, and other lowdensity regions. Areas of the image corresponding to Cu are the lightest (orange) because
the density and absorption coefficient of Cu are greater than those of carbon steel (which
is primarily iron), meaning the X-ray intensity transmitted through Cu will be weaker.
Areas corresponding to steel are deep pink, while the blue/purple areas indicate the
location of iron corrosion products, which are less dense than steel and have non-uniform
density. Very low-density regions (air) are black/dark blue. The streaks across the top
surface of the Cu that can be seen in the vertical image slices are artefacts from X-ray
beam hardening. The brighter blue region on the outer sides of the specimens is epoxy.
The horizontal image slices were recorded at the Cu/steel interface and show areas of Cu
and areas of steel because the impact of the Cu particles during the cold spray process
deforms the steel, producing an uneven interface.
The vertical image slices, which traverse the center of the defect, show a generally
hemispherical damage profile, with the blue space between the Cu and steel an indicator
of damage that propagated along the interface. While steel corroded significantly, there
was no visible loss of Cu. The blue and purple areas, which show the accumulation of
corrosion products, are also located in areas where the steel corroded, as well as along the
walls of the defect and on the top Cu surface. The horizontal image slices show a radial
spread of blue and purple from the defect in the center, indicating the corrosion products
deposited as corrosion propagated along the Cu/steel interface. The extent of damage is
greater for the sample exposed to O2-sparged solution, Figure 3.10, which is a combined
effect of a higher dissolved [O2] in solution and a longer exposure time.
The bottom right images in Figure 3.10 and Figure 3.11 show the corrosion damage
volume (the pink volume); the Cu and uncorroded steel portions of the specimen have
been made translucent and have been clipped to show only half of the specimen.
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Visualizing the damage volumes in 3D provides more comprehensive information about
where and how far corrosion propagated. The corrosion damage along the Cu/steel
interface is very apparent. Although corrosion propagated a significant distance along the
interface, it did not penetrate deeply into the steel as it propagated; instead, the depth of
damage was greatest at the base of the defect. Considering the distance from the defect to
the outer edge of the interfacial corrosion front, it is likely that the potential (IR) drop
played a role in reducing the amount of corrosion further from the defect. Resistance
from the defect to the corrosion front along the interface would increase as corrosion
products are deposited and as the distance increases, since resistance along a path is
proportional to the path length.
The volume of steel corroded is approximately 0.99 mm3 in O2-sparged solution and
0.25 mm3 in air-sparged solution. Comparing the average corrosion rate per day, these
volumes correspond to 0.020 mm3/d and 0.0092 mm3/d. Although the corrosion rate is
not constant over the duration of the experiment, calculating the average corrosion rate
provides a basis for comparing the extent of corrosion without the added influence of the
different lengths of exposure.
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Figure 3.10: Laboratory-based micro-CT vertical (top row) and horizontal (bottom left)
image slices and a volume image (bottom right) of a cold spray Cu/steel sample exposed
for 50 days in an O2-sparged 3.0 M NaCl solution. The pixel size is 3.85 µm.

Figure 3.11: Laboratory-based micro-CT vertical (top row) and horizontal (bottom left)
image slices and a volume image (bottom right) of a cold spray Cu/steel sample exposed
for 27 days in an air-sparged 3.0 M NaCl solution. The pixel size is 3.49 µm.
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3.3.4 Synchrotron Micro-CT
The synchrotron micro-CT image slices of cold spray, heat-treated cold spray, and
electrodeposited Cu/steel samples exposed for 42 h to 3.0 M NaCl solutions sparged with
O2, Figure 3.12 to Figure 3.14, and air, Figure 3.15 to Figure 3.17, provide a more
detailed picture of how the corrosion front propagated into the steel and along the
Cu/steel interface and where corrosion products deposited. Within these figures, the left
and right columns show the specimen at 0 h (i.e., before exposure to solution) and after
42 h exposure to solution, respectively, while upper and lower images show vertical and
horizontal slices, respectively. The vertical slices traverse the centre of the defect, and
show how corrosion penetrated into the steel over the 42-h exposure period. The
horizontal slices selected were recorded at the Cu/steel interface and show how damage
propagated along this interface.
The image slices included here were chosen so that the 0-h and 42-h images showed the
same locations within each sample, and all of the micro-CT images have been colour
treated to facilitate differentiation among Cu, steel, corrosion products, and voids. The
colours are slightly different than those used for the laboratory-based micro-CT images
due to the differences in the contrast, range of greyscale values, and image noise. Areas
of the image corresponding to Cu are the lightest (yellow), orange-red areas correspond
to steel, and blue/purple areas are low-density regions. Within the low-density areas,
there are several different features that can be differentiated from each other based on
their texture (i.e., distribution of density), shape, and location. The iron corrosion
products have non-uniform density and appear blue/purple with red speckles (the
speckles are higher density locations within the corrosion product deposit). The corrosion
products accumulated at the base of the defect are shown in lighter blue in the 42-h
vertical image slices (the top right images in Figure 3.12 to Figure 3.17) to highlight their
locations.
The horizontal image slices from the cold spray and heat-treated cold spray samples (the
bottom images in Figure 3.12, Figure 3.13, Figure 3.15, and Figure 3.16) show areas of
Cu and areas of steel because the impact of the Cu particles during the cold spray process
deforms the steel, producing an uneven interface. The blue/purple patches within the bulk
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of the cold spray and heat-treated cold spray Cu coatings and the small blue/purple
patches at the Cu/steel interface are voids; the larger spots of blue/purple at the Cu/steel
interface are low density particles (most likely alumina) left behind by the grit blasting
used to prepare the steel surface prior to applying the cold spray Cu coating. For such
observations, it is important to note that the coupons analyzed in this study do not
represent the final product form: the cold spray coating process has been improved, even
since the production of these samples, to reduce the porosity in the Cu and to improve the
adhesion between Cu and steel. It is also important to note that in some of the vertical
image slices the voids appear to change from 0 h to 42 h, likely due to slight differences
in the location of the image slice within the sample. This implies there is a small amount
of error within the methodology of selecting the locations for the image slices, as no
actual change in void size was observed during the experiments.
Nonetheless, comparing the images from 0 h and 42 h, the vertical image slices (the top
images in Figure 3.12 to Figure 3.17) show a generally linear propagation of the
corrosion front into the steel. While steel has corroded significantly, there has been no
visible loss of Cu. A layer of corrosion products can be seen on the surface of the steel,
appearing as a blue/purple region with a higher density of red speckles next to the steel.
In addition, the blue space between the Cu and steel is an indicator of damage that has
propagated along the interface. The horizontal image slices (the bottom images in Figure
3.12 to Figure 3.17), which are taken from the Cu/steel interface, show a radial spread of
blue/purple from the defect in the center, which indicates that corrosion has propagated
outward from the defect along the Cu/steel interface. The extent of propagation along the
interface is greatest for steel coated with cold spray Cu, less for heat-treated Cu/steel, and
least for electrodeposited Cu/steel in all studied conditions.
The quality of these interfaces has been examined using SEM and electron backscatter
diffraction (EBSD) on metallographic cross sections [7,26] and the strength of coating
adhesion has been determined according to a modified version of the ASTM standard
E08 procedure [27–29]. Relevant SEM and EBSD results are shown in Figure 3.18 and
Figure 3.19. Scanning electron micrographs show the Cu/steel interfaces of cold spray
specimens to be physically deformed by the high velocity impact of the Cu particles used
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in the cold spray process, Figure 3.18(a), while EBSD misorientation (plastic
deformation) maps, Figure 3.19(a), show a high degree of deformation and interfacial
strain [7,26], which corresponds to a high degree of internal stress. Heat-treatment at
450 °C for 4 h leads to a considerable reduction in residual internal strain and stress
based on the lower degree of misorientation, Figure 3.19(b) [7,26]. Heat-treatment at
350 °C for 1 h has also been shown to reduce residual strain and stress [30]. The adhesive
strength of the cold spray Cu to the steel is 68–98 MPa for the as-deposited specimens, a
value that is only slightly reduced by heat-treatment at 350 °C for 1 h (62–72 MPa)
[28,29]. By comparison, the electrodeposit/steel interface is even, Figure 3.18(b), and
relatively strain-free, except for a thin layer of very small grains located at the interface,
Figure 3.19(c), and the Cu is very strongly bonded to the steel (testing of the adhesion
resulted in fracture within the bulk coating at 286–373 MPa but no de-adhesion of the
coating) [28]. From these results, it is reasonable to infer that the factors influencing the
greater extent of interfacial corrosion along the cold spray Cu/steel interface are likely its
greater roughness, internal strain and stress, and lower adhesion compared to the
electrodeposited Cu/steel interface. At an uneven interface, there may be locations that
are not well-adhered or voids through which corrosion can propagate. In addition, regions
with greater internal stress are higher in energy, making them easier to corrode. Lower
adhesion could indicate the presence of structural properties, such as voids or weaker
Cu/steel bonding, that could make it easier for corrosion to propagate further along the
interface.
Regarding the geometry of interfacial corrosion, the spread along the cold spray Cu/steel
and heat-treated cold spray Cu/steel interfaces has a nearly uniform radius, while there is
a favoured direction on the electrodeposited sample: the corrosion along the
electrodeposited Cu/steel interface follows the direction of the machining grooves (which
are seen as faint diagonal stripes traversing the horizontal image slices in Figure 3.14 and
Figure 3.17) that were left on the steel prior to the application of the electrodeposited Cu
coating. It is unclear at this point exactly what changes the machining process makes to
the properties of the steel to induce this directionality in the interfacial corrosion. A
possible cause could be the work hardening and plastic deformation near the surface of
the steel that result from machining [31], since these microstructural changes have been

78

shown to influence corrosion behaviour [32–34]. The deformation (and resulting residual
stress) could result in a higher-energy surface that is more susceptible to corrosion. This
effect was observed in a study of the effect of machining configuration on the corrosion
of mild steel, which showed that greater deformation, roughness, and strain resulted in
greater corrosion rates [32].

Figure 3.12: Synchrotron micro-CT vertical and horizontal image slices of the cold spray
Cu/steel interface after exposure to O2-sparged 3 M NaCl solution for 0 h (left column)
and 42 h (right column).
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Figure 3.13: Synchrotron micro-CT vertical and horizontal image slices of the heattreated cold spray Cu/steel interface after exposure to O2-sparged 3 M NaCl solution for
0 h (left column) and 42 h (right column).

Figure 3.14: Synchrotron micro-CT vertical and horizontal image slices of the
electrodeposited Cu/steel interface after exposure to O2-sparged 3 M NaCl solution for
0 h (left column) and 42 h (right column).
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Figure 3.15: Synchrotron micro-CT vertical and horizontal image slices of the cold spray
Cu/steel interface after exposure to air-sparged 3 M NaCl solution for 0 h (left column)
and 42 h (right column).

Figure 3.16: Synchrotron micro-CT vertical and horizontal image slices of the heattreated cold spray Cu/steel interface after exposure to air-sparged 3 M NaCl solution for
0 h (left column) and 42 h (right column).
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Figure 3.17: Synchrotron micro-CT vertical and horizontal image slices of the
electrodeposited Cu/steel interface after exposure to air-sparged 3 M NaCl solution for
0 h (left column) and 42 h (right column).

Figure 3.18: SEM images of polished cross sections of (a) cold spray deposited and (b)
electrodeposited Cu/steel interfaces. Modified from [7].
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Figure 3.19: Misorientation (plastic strain) maps recorded on cross sections of (a) cold
spray deposited, (b) heat-treated cold spray deposited, and (c) electrodeposited Cu/steel
[7].

Figure 3.20: Images of the corrosion damage volume segmented from the micro-CT data
sets acquired over 42 h for a cold spray Cu/steel sample exposed to O2-sparged 3.0 M
NaCl solution. Image slices for the same sample are shown in Figure 3.12.
Along with the geometry of corrosion, the volume of steel corroded is also of interest.
Figure 3.20 shows the segmented corrosion damage volume from each time point for a
cold spray sample exposed to an O2-sparged 3.0 M NaCl solution. The 3D images
illustrate how the corrosion damage evolved over time and give a more complete picture
of how damage is distributed, compared to 2D image slices alone. From the measured
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damage volume, the amount of Fe oxidized to Fe2+, (nFe [mol]), was calculated using
Equation (3.2):
𝑚

𝑛Fe = 𝑀 =

𝜌𝑉
𝑀,

(3.2)

where m is the mass of Fe corroded, ρ is the density of carbon steel, V is the volume of
steel corroded, and M is the molar mass of Fe. The amount of Fe oxidized, nFe, was then
used to calculate the number of moles of O2 (nO2) consumed, Equation (3.3),
𝑛𝑂2 =

𝑛Fe2 +
2

,

(3.3)

assuming that all Fe oxidation was coupled to O2 reduction, as written in Equation (3.4):
2Fe + O2 + 4H+ → 2Fe2+ + 2H2O

(3.4)

Plotting the measured corrosion volumes and calculated nO2 as a function of time, Figure
3.21, it can be seen that there was a linear increase in damage over the 42-h exposure
period, confirming a steady-state corrosion rate. The overall extent of corrosion and nO2
consumed was greater in O2-sparged solution than in air-sparged solution, which supports
our contention that O2 reduction is driving the anodic dissolution of Fe and shows that
greater [O2] does not lead to the formation of a more protective oxide on the steel.
A comparison between the volume of steel corroded during the synchrotron micro-CT
and longer-term laboratory studies can be done by calculating the corroded volume that
would be expected over 42 h if the specimens in longer-term studies were corroding at a
constant rate. As mentioned previously, in reality the corrosion rate is not constant over
the duration of the experiment (as can be seen from the Rp values in the electrochemical
results, Figures 3.3 and 3.4), but calculating the average provides a basis for comparison.
The corroded volume for a cold spray Cu/steel sample exposed to O2-sparged solution for
50 days is 0.99 mm3, which corresponds to 0.020 mm3/d and 0.035 mm3 over 42 h.
Interestingly, despite the changes in corrosion rate over the long-term, the volume of
corrosion over 42 h, as calculated based on the average corrosion rate, is almost the same
as the final corroded volumes from the oxygenated synchrotron micro-CT experiments,
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which are 0.031, 0.035, and 0.031 mm3 for cold spray, heat-treated cold spray, and
electrodeposited Cu/steel samples, respectively. In air-sparged solution, the calculated
corroded volume after 42 h, again based on the average corrosion rate of 0.0092 mm3/d
over 27 days, is 0.016 mm3. This value is close to the final corroded volumes from the
aerated synchrotron micro-CT experiments, which are 0.012, 0.014, and 0.011 mm3 for
cold spray, heat-treated cold spray, and electrodeposited Cu/steel samples, respectively.
This also confirms that the exposure of the samples to X-rays and water radiolysis
products does not have a significant effect on the corrosion behaviour.

Figure 3.21: Measured volume of steel corroded at the base of a through-coating defect
and the corresponding nO2 consumed over 42 h in O2-sparged (dots) and air-sparged
(squares) 3.0 M NaCl solutions. The solid lines are the linear regression fits and the
dashed lines show the 95% confidence interval.
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3.4

Discussion

Electrochemical experiments demonstrate that O2 reduction on Cu is the driving force for
the galvanic corrosion of steel at a defect in the Cu coating. In the presence of O2, steadystate galvanic corrosion conditions are eventually reached after transitioning through the
formation and subsequent breakdown of partially protective oxide films or corrosion
product deposits. The corrosion rate is initially high, but the formation of a protective
oxide film or corrosion product deposit on steel temporarily reduces the corrosion rate.
The protective film or deposit eventually breaks down, increasing the corrosion rate, and
over time steady-state galvanic corrosion conditions are established. Galvanic corrosion
will be limited, however, by the finite amount of O2 trapped upon closure of the DGR,
which has been calculated to be 13 mol/container (293 µmol/cm2) [35] for the current
Canadian design. Of this O2, it is probable that only a small portion will be available for
driving steel corrosion, since it will likely be consumed by other oxidation processes in a
DGR and it must diffuse to a container surface close enough to a through-coating defect
location to couple to steel oxidation.
The distribution of damage and the location of the accumulated corrosion products as
seen in the micro-CT images are consistent with the SEM/EDX results shown in section
3.3.2. In addition, the buildup of corrosion products at the base of the defect seen in SEM
images of a cross-sectioned sample and in micro-CT images is in agreement with the
electrochemical data which indicate the eventual formation of only a partially protective
oxide film or corrosion product deposit. Iron corrosion product deposits were also
observed on the outer Cu surface of all of the samples and were identified as FeIII oxides,
primarily γ-FeOOH, by Raman spectroscopy. The high [O2] and lower [Fe2+] (<~0.5 M)
conditions that favour the formation of γ-FeOOH are attainable outside of the defect,
since the size of the defect is small in comparison to the large bulk solution volume
(~600 mL). With the O2 in solution being replenished by sparging, the Fe2+ diffusing
from the defect would be rapidly oxidized to Fe3+, thereby diminishing the [Fe2+] in
solution. Gas sparging also introduces some convection, which would, in turn, increase
the flux of O2 to the Cu surface and aid in maintaining a high [O2] in the vicinity of the
defect. The presence of Cu2O on the Cu surface, detected by Raman spectroscopy,
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indicates that Cu oxidation occurred at some point, possibly during the periods when Eg
was high (less negative). EDX analyses indicate that the oxide is thinner closer to the
edge of the specimen, which suggests that the local conditions across the Cu surface vary
with distance from the defect.
Overall, the distribution and chemical nature of the corrosion products confirm that a
gradation in solution chemistry existed through the 3 mm–deep defect and the results
from electrochemical measurements (Figure 3.3 and Figure 3.4) and Raman spectroscopy
(Figure 3.5 and Figure 3.6) indicate an evolution of redox conditions within the defect
with immersion time. The oxidizing conditions maintain active corrosion conditions at
the steel surface with many corrosion product deposits forming on the external Cu
surface.
The data acquired using synchrotron micro-CT, visualized in 2D as image slices or in 3D
as a volume, provide a detailed insight into the distribution of corrosion damage on the
steel surface. Based on the electrochemical measurements (Figure 3.3), we would expect
the corrosion rate to decrease in O2-sparged conditions within the first half-day; although
the corrosion volume measurements (Figure 3.21) are quite linear, the first 2–3 data
points after the start of the experiments do sit slightly above the line of best fit, indicating
a faster corrosion rate during this period, in agreement with the electrochemical data. The
corroded volumes and nO2 consumed are very similar for all samples exposed to the same
conditions, indicating that the corrosion mechanism is the same—dissolution of steel
coupled to O2 reduction on Cu—regardless of the coating method. This also shows that
the amount of O2 available to drive the anodic dissolution of steel is what determines the
overall extent of corrosion. However, the geometry of corrosion damage varies between
cold spray and electrodeposited Cu-coated steel specimens, which is likely a consequence
of differences in the physical properties of the Cu/steel interfaces.
Heat-treatment of the cold spray samples, and the consequent relief of residual strain and
stresses in the material, appears to decrease the tendency of the material to corrode along
the interface, given that less interfacial corrosion was observed on the cold spray Cu/steel
sample that was heat-treated to 350 °C, compared to the non-heat-treated cold spray
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sample. Increasing the adhesion between Cu and steel is also expected to reduce the
extent of interfacial corrosion.

3.5

Summary and Conclusions

Electrochemical measurements, surface analysis techniques, and micro-CT were used to
characterize the features and monitor the progression of corrosion at a through-coating
defect on Cu-coated carbon steel in O2-containing 3.0 M NaCl solution. A greater
availability of dissolved O2 in solution resulted in faster and more extensive corrosion of
steel at the base of the through-coating defect and, in all conditions studied, Cu did not
sustain any significant damage. The redox conditions within the defect evolved with
immersion time and the distribution and chemical nature of the corrosion products
confirmed that a gradation in solution chemistry existed through the 3 mm–deep defect.
Corrosion damage volume measurements showed that the total volume of steel corroded
did not depend significantly on the steel preparation and Cu deposition and treatment
methods used: however micro-CT images showed that distribution of corrosion damage
did depend on these factors. Corrosion propagated radially outward from the defect along
the cold spray Cu/steel interface (although the extent was reduced on the heat-treated
sample) and in the direction of machining along the electrodeposited Cu/steel interface.
These observations, along with the greater extent of corrosion along the cold spray
Cu/steel interface, indicate that the physical properties of the interface play an important
role in determining the extent of interfacial corrosion. Although corrosion propagated
along the interface, no detachment or de-adhesion of Cu from steel was observed ahead
of the corrosion front and no deformation of Cu could be observed. This indicates that
although corrosion decreases the area over which Cu is directly attached to steel, it does
not appear to lead to delamination of the coating beyond the corroded region.
The gradation in solution chemistry and the distribution of corrosion into the steel and
along the Cu/steel interface depend on the geometry of the through-coating defect,
emphasizing the necessity of conducting experiments using Cu-coated steel samples with
a simulated through-coating defect.
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Chapter 4
The Evolution of Corrosion on Cu-Coated Carbon Steel
Determined by In-Situ Synchrotron Micro-CT
4.1

Introduction

Three sets of time-resolved synchrotron X-ray micro-computed tomography (micro-CT)
corrosion studies were conducted at the Advanced Photon Source (APS) (Argonne
National Laboratory, Argonne, IL, USA). The purpose of these experiments was to
monitor the evolution of corrosion damage at a through-coating defect location, and to
determine the effects of O2 availability and Cu/steel properties, by imaging corroding Cucoated carbon steel specimens periodically over 38–42 h. The first set of experiments was
presented in Chapter 3, section 3.3.4. Based on lessons learned, the experimental design
was modified for each subsequent synchrotron micro-CT experiment. This chapter
presents the second and third sets, which aimed to resolve the issue of having to remove
samples from solution by using specially designed miniature electrochemical cells so that
the samples could be imaged in-situ (i.e., while staying exposed to solution).
The second set of experiments involved exposing heat-treated cold spray and
electrodeposited Cu-coated carbon steel samples to O2- or air-sparged 3.0 M NaCl
solution in miniature electrochemical cells for 38 h. Using synchrotron micro-CT, each
sample was imaged, without being removed from its cell, at a series of time points over
the duration of the experiment to monitor the progression of corrosion damage.
The third set of experiments used a modified experimental design, including improved
miniature electrochemical cells, to overcome some experimental challenges experienced
in the second set of experiments, and included samples from the transition zone region of
the Cu-coated carbon steel, where electrodeposited Cu and cold spray Cu are
overlapping. The experimental conditions were also expanded to include Ar-sparged
3.0 M NaCl solution.
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Through these experiments, methods for monitoring corrosion at a defective coating
location in-situ and analyzing the resulting data were developed and used to determine
the influence of O2 availability and Cu/steel properties on corrosion propagation.

4.2

Experimental

4.2.1 Cu-Coated Carbon Steel Specimens
The samples for the synchrotron micro-CT experiments were 2 mm–diameter cylinders
of Cu-coated carbon steel with a ~0.5 mm–diameter hole drilled down through the
3 mm–thick coating to the Cu/steel interface to simulate a defect, Figure 4.1. These were
cut from A516 grade 70 carbon steel plates that had been Cu-coated via cold spray
deposition or electrodeposition; details of the coating processes have been given in
Chapter 2, section 2.1. The cold spray Cu/steel specimens were heat-treated in a tube
furnace at 350 °C for 1 h under Ar gas. In the third experimental set, heat-treated samples
from the transition zone were also used. The heat treatment was 350 °C for 1 h under Ar
gas.
The top Cu surface of the samples used in the second set of experiments was wet-ground
by hand with SiC paper to a P320, P600, P1200, and finally P2400 grit finish, using a
minimal amount of water and drying the sample frequently to ensure that the steel at the
base of the drilled hole remained dry. The samples used in the third experimental set were
not ground and used as-received. All samples were sonicated in methanol to remove any
surface debris or polishing residue, and then dried in a stream of Ar.

Figure 4.1: Cu-coated steel specimen with a hole drilled through the Cu to the steel.
Modified from [1].
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4.2.2 Experimental Design and Setup
Each specimen was mounted in a miniature electrochemical cell, Figure 4.2, to enable
imaging while the specimen remained exposed to solution. These miniature cells had a
Ag/AgCl reference electrode, a Pt wire counter electrode, and a Cu-coated carbon steel
working electrode. The miniature cells for the second set of experiments consisted of a
polytetrafluoroethylene (PTFE) body sealed with a rubber stopper, Figure 4.2(a). Using
two coats of Torr Seal epoxy (Kurt J. Lesker Canada, Inc., Concord, ON, Canada), the
top portion of each Cu/steel sample was mounted inside a piece of polyether ether ketone
(PEEK) tubing that was then friction fit into an opening at the bottom of the cell. Two
coats were applied, each allowed to cure at 60 °C for 2 h. The cells for the third set of
experiments were made of glass and had a PTFE screw-on cap with a rubber stopper,
Figure 4.2(b). The top portion of each Cu/steel sample was mounted into the opening at
the bottom of the cell using two coats of Torr Seal.

Figure 4.2: Miniature electrochemical cells used for in-situ synchrotron experiments,
made of (a) PTFE, with a rubber stopper (used in the second experimental set) and (b)
glass, with a PTFE lid and rubber stopper (used in the third experimental set).
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In both experiments, holes were drilled through the rubber stoppers to accommodate the
reference and counter electrodes and the inlet and outlet gas sparging tubes. Thin PTFE
tubing was used for sparging gas through the solution, which was a pH-neutral, 3.0 M
NaCl solution prepared with reagent grade NaCl (Caledon Laboratories) and ultrapure
water from a Thermo Scientific Barnstead Nanopure water purification system set to
yield a resistivity of 18.2 MΩ·cm. The sparging gas, either ultra high purity O2, ultra zero
air, or ultra high purity Ar (Airgas), was bubbled through solution in a parafilm-covered
beaker for ~40 minutes before solution was injected into the defect in the Cu-coated steel
sample with a long, 0.41 mm–diameter needle, and solution was poured into the
miniature cells. Sparging continued throughout the experiment. All experiments were
performed at room temperature (21 ± 2 °C).
In the second set of experiments, after solution was injected into the defect, the specimen
was mounted by sliding the attached PEEK tubing into the opening at the bottom of the
cell. With the sparging gas flowing, each cell was then filled with 7 mL of sparged
solution and sealed with a rubber stopper. The experiments ran inside the beamline’s
experimental hutch, which is the shielded room surrounding the area where the X-ray
beam is used. When the door to the hutch is open, a shutter prevents synchrotron
radiation from entering. Before opening the shutter, the door is locked, and security
systems are activated to ensure that people are not inside the hutch when the shutter is
open.
In the third set of experiments, the miniature cells were filled with sparging gas, then
solution was injected into the defect and each cell was filled with 15 mL of solution.
For experiments under an Ar atmosphere, the solution was sparged for an additional
20 minutes in the cell before injecting solution into the defect. The experiments ran
outside the hutch, and the gas-sparging tubes were clamped shut during transfer and
imaging.
The galvanic potential (Eg) of the Cu-coated steel electrode was monitored throughout the
experiments and its polarization resistance (Rp) was measured periodically using the
linear polarization resistance (LPR) technique. Eg and Rp measurements were performed
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using an analog-to-digital converter (IOTech ADC 488/16A with National Instruments
LabVIEW software written in-house) and a potentiostat/galvanostat (Solartron 1287
Electrochemical Interface with CorrWare software), respectively. LPR experiments were
performed by scanning the potential ±5 mV from Eg at a rate of 10 mV/min and recording
the resulting current.
Long wires were used to connect the cells in the second experimental set to the
potentiostat, so that electrochemical measurements could continue while the sample was
being imaged in the beamline. The experiments in the third set were conducted outside
the hutch, so electrochemical measurements were not continued during micro-CT scans.

4.2.3 Experimental Improvements
Based on lessons learned, the experimental design was modified for each subsequent
synchrotron micro-CT experiment. To resolve the issue of having to remove samples
from solution for micro-CT imaging during the first experimental set, miniature
electrochemical cells were designed so that the samples could be imaged in-situ (i.e.,
while staying exposed to solution). The miniature cells used in the second set of
experiments consisted of a PTFE body sealed with a rubber stopper, Figure 4.2(a). The
Cu/steel sample was attached to a piece of PEEK tubing, which was friction fit into an
opening at the bottom of the cell. However, because of the flat bottom of the cell and the
small opening where the PEEK tubing connected the sample to the cell, bubbles from
sparging collected at this junction and formed large bubbles that impeded the diffusion of
O2 to the Cu/steel electrode. Even in the absence of bubbles, it is likely that the flux of O2
to the sample was limited by the small dimensions of the junction between the cell and
the sample (~2 mm in diameter and ~1 cm long). In addition, because the cell was opaque
and the solution volume was small (7 mL), it was challenging to adjust the sparging rate
of the gas and the position of the gas inlet tube such that it was in solution, but far enough
from the junction to minimize the formation of bubbles.
To overcome these issues, the miniature cells were re-designed for the third set of
experiments, Figure 4.2(b). To avoid the formation of bubbles and improve the flux of O2
to the sample, the height of the cell was increased (thereby increasing the volume to
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accommodate ~15 mL of solution) and the shape was changed so that the bottom of the
cell gradually tapered to the sample. The cell was made out of glass to improve visibility
into the cell, making it easier to set up and monitor the experiments. The ends of the gas
outlet tubes were placed into a beaker filled with water to prevent air from flowing into
the cell (particularly for the Ar-sparged cells). Even with this improved design, there
were still challenges with maintaining constant and even gas sparging rates in the cells
due to salt crystals clogging the tubes and the different heights of the cells on the retort
stand.
Conducting the second set of experiments inside the hutch at the beamline made it
difficult to monitor the cells and perform LPR measurements because people are not
permitted inside while the synchrotron beam is in use. In addition, monitoring the
electrochemistry of the sample during micro-CT imaging made several of the micro-CT
datasets unusable because the lead wires caused slight movement of the sample.
Performing the third set of experiments outside hutch and disconnecting the wires from
the cells during imaging resolved these issues.

4.2.4 Synchrotron Micro-CT
Synchrotron micro-CT was used to image the corroding Cu-coated steel samples
periodically over a 38-h exposure period. Each specimen was imaged nine times
throughout the duration of the experiment. The spatial resolution of the synchrotron
micro-CT was 0.87 µm for the configuration used in these experiments, which enables
accurate damage volume measurements from the resulting data. In addition, the high
intensity of the synchrotron’s X-rays allows imaging times to be very short (~5 minutes),
which makes imaging samples as they corrode feasible. The samples were mounted in
miniature cells (described in section 4.2.2 and shown in Figure 4.2) and were imaged
while in the cell using a custom-made holder, Figure 4.3. The holder was made of PEEK
so that it would be X-ray transparent and would not be degraded significantly by being
exposed to X-rays. The same holder was used for both cell designs. Experiments were
performed at APS using beamline 2-BM-A.
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The resulting data were reconstructed using TomoPy, an open-sourced, Python-based
framework [2]. The reconstructed data were imported into software to visualize them as
in 2D as image slices or in 3D as a volume and to calculate the volume of steel corroded
at the base of the defect.

Figure 4.3: Photograph of the custom-made holder that held the miniature cells in the
beamline during in-situ micro-CT scans.

4.2.5 Corrosion Damage Volume Measurements from Micro-CT Data
The volume of steel lost due to corrosion at the base of the through-Cu defect was
measured from the micro-CT data by segmenting the volume at the base of the defect.
Cu, steel, and low-density areas were differentiated by their greyscale values, with the
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lowest density areas being the darkest. To obtain the volume due to corrosion alone and
to reduce the influence of sample-to-sample variation in the depth of the original drilled
hole, the original volume of the defect was subtracted from each subsequent corroded
volume in the series. To ensure consistency in the segmentation and measurement, each
data set was aligned so that the Cu/steel interface was horizontal and not tilted, and the
segmentation was performed from the same horizontal plane downwards in each data set
from a given sample.

4.3

Results and Discussion

4.3.1 In-Situ Synchrotron Micro-CT Results – Second Experimental Set
The second set of experiments involved exposing heat-treated cold spray and
electrodeposited Cu-coated carbon steel samples to O2- or air-sparged 3.0 M NaCl
solution in miniature electrochemical cells (Figure 4.2(a)) for 38 h. Each sample was
imaged, without being removed from its cell, nine times over the duration of the
experiment to monitor the progression of corrosion damage. The synchrotron micro-CT
image slices of these samples, Figure 4.4 to Figure 4.7, show the corrosion damage
sustained by steel. In these figures, image slices showing the specimen at 0 h (i.e., before
exposure to solution) and after 38 h exposure to solution, are displayed in the left and
right columns, respectively. The upper and lower images show vertical and horizontal
slices, respectively. In each figure, the vertical slices traverse the centre of the defect, and
show how corrosion penetrated into the steel over the 38-h exposure period. The
horizontal slices show the Cu/steel interface and show the extent of damage propagation
along this interface. The image slices included here were chosen so that the 0-h and 38-h
images show the same locations within each sample.
The image slices are shown in greyscale: the areas in the images corresponding to Cu are
the lightest shade of grey, areas corresponding to steel are the second lightest, and lowdensity regions are the darkest grey. Corrosion products appear as a mix of dark grey
shades since they are non-uniform in density and lower in density than steel. The regions
where steel corroded are highlighted in red in the 38 h vertical image slices. In the images
of the cold spray coatings (Figure 4.4 and Figure 4.6), the dark locations within the bulk
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of the Cu and small dark grey patches at the Cu/steel interface are voids; the larger spots
of dark grey at the Cu/steel interface are low density-particles (alumina) left behind by
the grit blasting used to prepare the steel surface prior to applying the cold spray Cu
coating. The horizontal image slices show areas of Cu and areas of steel because the
impact of the Cu particles during the cold spray process deforms the steel, producing an
uneven interface. The stripes of medium and light grey in the horizontal image slices of
the electrodeposited Cu/steel samples (the bottom row in Figure 4.5 and Figure 4.7) are
from the machining grooves that were left on the steel before electrodeposition of the Cu
coating.
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Figure 4.4: Synchrotron micro-CT vertical and horizontal image slices of the heat-treated
cold spray Cu/steel interface after exposure to O2-sparged 3.0 M NaCl solution for 0 h
(left column) and 38 h (right column). The red region highlights where steel corroded.

Figure 4.5: Synchrotron micro-CT vertical and horizontal image slices of the
electrodeposited Cu/steel interface after exposure to O2-sparged 3.0 M NaCl solution for
0 h (left column) and 38 h (right column). The red region highlights where steel corroded.
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Figure 4.6: Synchrotron micro-CT vertical and horizontal image slices of the heat-treated
cold spray Cu/steel interface after exposure to air-sparged 3.0 M NaCl solution for 0 h
(left column) and 38 h (right column). The red region highlights where steel corroded.

Figure 4.7: Synchrotron micro-CT vertical and horizontal image slices of the
electrodeposited Cu/steel interface after exposure to air-sparged 3.0 M NaCl solution for
0 h (left column) and 38 h (right column). The red region highlights where steel corroded.
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Figure 4.8 shows the evolution of the corrosion damage volumes on heat-treated cold
spray Cu/steel and electrodeposited Cu/steel samples in oxygenated and aerated
conditions. The blue volumes in the top row are the original, uncorroded volume at the
base of the defect, as seen from the side. The Cu and steel have been made invisible to
better show the volumes. In the middle row, the volume of damage after 17–21 h (shown
in purple) has been overlaid over the original volume to show how the corrosion front
propagated into steel. The bottom row shows the extent of corrosion after 38 h (the
yellow volume), after which the experiments were terminated.

Figure 4.8: Images of the corrosion damage volume segmented from the micro-CT data
sets acquired over 38 h for heat-treated cold spray and electrodeposited Cu/steel samples
exposed to 3.0 M NaCl solution. Image slices for the same samples are shown in Figure
4.4 to Figure 4.7.
Both the image slices and the corrosion damage volume images show that the corrosion
front propagated into steel and along the Cu/steel interface. For both heat-treated cold
spray Cu/steel and electrodeposited Cu/steel, the specimens exposed to O2-sparged
solution exhibit more damage than those exposed to air-sparged solutions. The extent of
corrosion damage is very small in air-sparged conditions. Comparing the corrosion
damage after 38 h, the extent of interfacial corrosion is greater on the heat-treated cold
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spray Cu/steel samples than on the electrodeposited Cu/steel samples. This can be seen
most clearly in the image slices and in the volume images of the corroded region of the
samples exposed to O2-sparged solution, Figure 4.4, Figure 4.5, and Figure 4.8. In
addition, the distribution of damage differed: corrosion propagated radially from the
defect along the heat-treated cold spray Cu/steel interface and preferentially in the
direction of the machining grooves along the electrodeposited Cu/steel interface.
The measured corrosion damage volumes and the corresponding number of moles of O2,
nO2, consumed are plotted over time in Figure 4.9. Faraday’s law was used to calculate
nO2, assuming that all steel dissolution was coupled to O2 reduction. Several data points
were lost from each data set because of slight movement of the sample during the scan
(due to the wires connecting the cell to the potentiostat), which distorted the
reconstructed image, thereby making the damage volume measurement inaccurate.
Nonetheless, the remaining data points are reliable and suggest a linear corrosion damage
volume increase over 38 h. The overall corrosion volume is similar for the samples
corroded in the same conditions. The slight difference in the extent of damage on the
samples corroded in O2-sparged solution is likely due to the difference in the area of steel
exposed at the base of the simulated defect. The heat-treated cold spray Cu/steel sample
has a smaller area of steel exposed, which results in a larger cathode-to-anode area ratio
and, therefore, a slightly greater corrosion rate.
The lesser overall extent of corrosion damage, as compared to the first experimental set
(Chapter 3, section 3.3.4), can be attributed to the experimental setup. The flat bottom of
the miniature cell, with the small opening where the PEEK tubing connected the sample
to the cell, often led to the formation of a bubble at this junction, thereby impeding the
diffusion of O2 to the sample. Even without a bubble forming, because the junction
between the cell and the sample was only ~2 mm in diameter and was ~1 cm long, it
likely contributed to limiting the flux of O2 to the sample. Since the corrosion rate is
highly dependent on the availability of O2, the lack of O2 explains the lesser extent of
corrosion.
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Figure 4.9: Measured volume of steel corroded at the base of a through-coating defect
and the corresponding nO2 consumed over 38 h in O2-sparged (dots) and air-sparged
(squares) 3.0 M NaCl solutions. The solid lines are the linear regression fits and the
dashed lines show the 95% confidence interval. Faraday’s law was used to calculate nO2,
assuming that all steel dissolution was coupled to O2 reduction.

4.3.2 In-Situ Synchrotron Micro-CT Results – Third Experimental Set
In the third set of experiments performed at the synchrotron, the propagation of corrosion
was monitored on heat-treated cold spray, electrodeposited, and heat-treated transition
zone Cu/steel samples (described in Chapter 2) exposed to 3.0 M NaCl solution sparged
with O2, air, or Ar. The transition zone is described and illustrated in Chapter 2, section
2.1.3 and Figure 2.2. The transition zone samples were cut from the region where the
cold spray Cu overlaps with the electrodeposited Cu on steel, Figure 4.10. These samples
were used to investigate whether there is a difference in the corrosion behaviour
compared to heat-treated cold spray and electrodeposited Cu/steel samples and whether
the Cu/Cu interface is susceptible to corrosion. The exact position of this interface varied
depending on where the sample was cut from in the transition zone region, but was
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typically <1 mm above the Cu/steel interface. Re-designed miniature electrochemical
cells, Figure 4.2(b), were used to overcome issues with the original miniature cell design,
such as trapping of air bubbles and blocking the O2 diffusion to the Cu/steel specimen.

Figure 4.10: Illustration of the layered structure of the transition zone samples.
The images of the corrosion damage volume on heat-treated cold spray, electrodeposited,
and heat-treated transition zone Cu/steel samples, Figure 4.11, show the influence of the
Cu coating method (i.e., the properties of the Cu/steel interface) on the geometry of
corrosion. The top row of images in Figure 4.11 show the side view of the original,
uncorroded volume at the base of the defect; the transparent shaded area is the
surrounding Cu and steel. The images in the second and third rows show the side view
and view from the top looking down, respectively, of the damage volume after 20 h. The
images in the fourth and fifth rows show the side view and view from the top looking
down, respectively, of the damage volume after 38 h, after which the experiments were
terminated. The white arrows indicate the direction of corrosion propagation. On the
heat-treated cold spray sample, corrosion propagated radially from the defect and
penetrated further along the Cu/steel interface than into steel, which was also seen in the
first and second set of experiments. The electrodeposited sample experienced extensive
interfacial corrosion, particularly in the direction of machining, which was not seen
previously. The heat-treated transition zone sample, which has electrodeposited Cu next
to steel and cold spray Cu above that, exhibited a generally hemispherical corrosion
damage volume in steel and the least amount of interfacial corrosion. There was no
discernable influence of the Cu/Cu interface. The electrodeposition process was not
modified for the production of the heat-treated transition zone plate, however, there are
differences in the quality of the steel surface preparation prior to electrodeposition that
could account for some of the differences in the extent of interfacial corrosion. This will
be discussed in more detail in the latter part of section 4.3.4.
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Over the duration of the experiments, the geometry/distribution of corrosion damage for
each Cu coating method remained consistent over time as the amount of damage
increased, as shown in the images from 20 h and 38 h in Figure 4.11. The general
geometry/distribution of damage was also consistent for each Cu coating method,
regardless of whether the solution was sparged with O2, air, or Ar. This can be seen in the
image slices of heat-treated cold spray Cu/steel after 38 h of exposure to solution sparged
with O2, air, or Ar, Figure 4.12. The regions of steel that corroded are highlighted in red
in the vertical image slices.

Figure 4.11: Images of the corrosion damage volume (shown in orange) segmented from
the micro-CT data sets for heat-treated cold spray, electrodeposited, and heat-treated
transition zone Cu/steel samples exposed to O2-sparged 3.0 M NaCl solution.
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Corrosion damage:
0.055 mm3

0.033 mm3

0.012 mm3

Figure 4.12: Synchrotron micro-CT vertical and horizontal image slices of heat-treated
cold spray Cu/steel after 38 h of exposure to 3.0 M NaCl solution sparged with (a) O2, (b)
air, and (c) Ar. The regions of steel that corroded are highlighted in red in the vertical
image slices and the size of the damage volume is written below each image set.
Plotting the measured corrosion volumes and calculated nO2 over time, Figure 4.13,
shows that the damage generally increased approximately linearly over the 38-h exposure
period, while there appears to have been an increase in the corrosion rate after about 8 h
on the electrodeposited and heat-treated transition zone Cu/steel samples exposed to airsparged solution. There also appears to have been a decrease the corrosion rate of the
heat-treated cold spray Cu/steel sample exposed to air-sparged solution after about 8 h.
Although the total volume of steel corroded is similar on heat-treated cold spray and
electrodeposited Cu/steel specimens exposed to O2-sparged solution, the total damage on
other samples is variable. The Ar-sparged solutions evidently had dissolved O2 present,
given that there was appreciable corrosion in just 38 h and the heat-treated transition zone
sample exposed to Ar-sparged solution corroded more than the one exposed to O2sparged solution. The corrosion rate also increased gradually after ~14 h of exposure.
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Figure 4.13: Measured volume of steel corroded at the base of a through-coating defect
and the corresponding nO2 consumed over 38 h in O2-sparged (dots), air-sparged
(squares), and Ar-sparged (triangles) 3.0 M NaCl solutions. Faraday’s law was used to
calculate nO2, assuming that all steel dissolution was coupled to O2 reduction.
Based on the results from the first and second experimental sets, and the expectation that
a lower availability of O2 diminishes the driving force for galvanic corrosion [3,4], the
degree of damage is expected to be highest in O2-sparged solution and lowest in Arsparged solution. However, only the heat-treated cold spray Cu/steel samples follow this
trend in this set of experiments, Figure 4.12.
A possible explanation for the variability in the volume of corrosion damage is the
difference in the gas sparging rates between individual cells and the resulting variations
in the degree of solution convection. Due to the limited supply of gas cylinders, each gas
supply tube was split into three and each of the three smaller tubes supplied a miniature
cell with gas simultaneously. Although the gas flow rates were initially adjusted so that
all the sparging rates were equal, some of the tubes became blocked by the formation of
salt crystals and the gas pressure had to be increased to overcome the blockage. Clamps
were used on the smaller gas sparging tubes to modify the sparging rate of individual
cells to maintain equal sparging rates, but there were still some inconsistencies. The
solution in the cells that were sparged at a higher rate was subject to a higher degree of
convection, which would increase the transport of O2 to the Cu surface, where it could
react and drive steel dissolution, resulting in a greater corrosion damage volume. In airsparged conditions, the increase in the corrosion rate of the electrodeposited and heattreated transition zone Cu/steel samples after ~8 h and the corresponding decrease in the
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corrosion rate of the heat-treated cold spray Cu/steel sample support the contention that
the sparging rate influences the corrosion rate.
Comparing the total corrosion damage volumes from all three sets of experiments, cold
spray and heat-treated cold spray Cu/steel specimens exhibited a slightly larger damage
volume (0.0024 mm3 larger on average) than electrodeposited Cu/steel specimens, except
in the air-sparged conditions in the third experimental set (which, as discussed above,
was likely due to different gas sparging rates).

4.3.3 Influence of O2
The samples corroded in the second experimental set and the heat-treated cold spray
Cu/steel samples corroded in the third experimental set showed more damage in O2sparged conditions than in air-sparged conditions. The first set of synchrotron micro-CT
experiments and micro-CT data from samples corroded for longer periods of time
(Chapter 3, section 3.3.4) also demonstrated that the degree of damage is greater in O2sparged conditions. Therefore, it is reasonable to conclude that the greater amount of
corrosion damage on electrodeposited Cu/steel and heat-treated transition zone specimens
exposed to air-sparged conditions in the third experimental set was due to greater
sparging rates that increased the convection in these cells, thereby increasing the flux of
O2 to the surface of the sample. If the lesser extent of damage on samples in O2-sparged
conditions was solely caused by oxide formation, there should have been a decrease in
the rate at which the damage volume increased. This is not seen in the plots of the
damage volume in O2-sparged conditions over time, Figure 4.13. In addition, as
illustrated in Chapter 3, Figure 3.7, the formation of FeIII oxides/oxyhydroxides is
accompanied by the production of H+. Therefore, at reasonably high rates of steel
corrosion, the conditions within the defect are likely to be acidic and hence unlikely to
passivate.
Greater convection leading to a higher flux of O2 to the surface also explains the
generally larger corrosion volumes in the third set of experiments compared to the first
and second sets. This conclusion is consistent with the observations and results from the
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second experimental set, where the formation of bubbles disrupted the flux of O2 to the
Cu surface, resulting in smaller corrosion damage volumes, Figure 4.9.
In Ar-sparged conditions, O2 may have leaked into the cell during transfer to the hutch
for micro-CT scanning, which would explain the significant amount of corrosion damage,
Figure 4.13. It is also possible that the lids of the miniature cells were not perfectly
sealed, allowing small amounts of O2 to leak in. In addition, the lack of O2 initially in the
cell would limit the formation of FeIII oxides on steel. If O2 subsequently leaked into the
cell, having less FeIII oxide on steel would result in lower resistance to steel corrosion
driven by O2 reduction on Cu. For comparison, other samples exposed to Ar-sparged
solution, which will be presented in Chapter 5, corroded considerably less, even after
several weeks of exposure.
Overall, these results support the idea that the supply of O2 to the surface of the sample
governs the corrosion rate and the overall amount (volume) of corrosion damage
sustained by steel. When more O2 is available at the Cu surface to be reduced, steel
corrodes faster and to a greater extent. This is in agreement with the findings from
electrochemical experiments and micro-CT data from samples corroded for longer
periods of time (Chapter 3).
The calculated nO2 consumed during the experiments ranges from 0.2 to 6.5 µmol over
38 h and the accompanying corrosion penetration depths into steel are <10 µm to
~200 µm. The increase in the corrosion damage volumes is approximately linear over
time. With a constant increase in volume, the same volume of corrosion damage is spread
over a larger surface area, making the penetration depth smaller as corrosion progresses.
This behaviour was verified by measuring the penetration depth into steel over time
(presented in section 4.3.4). To provide context for the calculated nO2 consumed during
the experiments, the amount of O2 trapped upon closure of the DGR has been calculated
to be 13 mol/container (293 µmol/cm2) [5] for the current Canadian design. As
mentioned in Chapter 3, of this O2, it is probable that only a small portion will be
available for driving corrosion, since it will likely be consumed by other oxidation
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processes in a DGR and it must diffuse to a container surface close enough to a throughcoating defect location to couple to steel oxidation.

4.3.4 Influence of Cu/Steel Properties
To determine how the distribution of corrosion damage changes with respect to the
materials’ properties at the Cu/steel interface, which are determined by the steel
preparation method, the Cu coating method/procedure, and the post-deposition treatment
(i.e., heat-treatment), the micro-CT data were inspected visually and used for quantitative
measurements. For a meaningful quantitative evaluation of the distribution of damage,
samples with a similar damage volume must be compared. To facilitate such a
comparison, the areas of corrosion at the Cu/steel interface were plotted against the
corrosion damage volumes, Figure 4.14. Both were measured from synchrotron
micro-CT data. To more fully describe the distribution of damage, the depth of corrosion
penetration into steel must also be considered. The depth of corrosion penetration is
plotted over time, Figure 4.15, to provide a measure of the rate of corrosion penetration
into steel in the different experiments, in addition to describing the distribution of
damage. These measurements verify observations (from micro-CT image slices and
volume images) that the distribution of corrosion damage differs depending on the
method used to coat steel with Cu and whether a heat treatment was used. They also
verify that the distribution of corrosion damage remains consistent over time as the
damage volume increases, as shown in Figure 4.11, and is not significantly affected by
the corrosion rate (which is linked to the gas used for sparging and the sparging rate).
While the data points for samples exposed to Ar-sparged conditions are not shown in
Figure 4.14 for the sake of clarity, they fall into the same ranges as the samples from the
second and third experimental sets. This emphasizes that amount of O2 available and the
resulting corrosion rate have little influence on the distribution of corrosion damage. In
addition, the area of steel exposed at the base of the defect does not appear to influence
the extent of interfacial corrosion, nor does the circumference of the defect at the Cu/steel
interface (i.e., the amount of the Cu/steel interface exposed). Rather, the susceptibility of
a Cu/steel specimen to interfacial corrosion depends primarily on the physical properties
of the Cu/steel interface (stress, adhesion, non-uniformity).
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Figure 4.14: Area of corrosion at the Cu/steel interface vs. corrosion damage volume for
(a) cold spray (stars) and heat-treated cold spray Cu/steel (other symbol shapes), (b)
electrodeposited Cu/steel (with an expansion to show the data points in the boxed region
more clearly), and (c) heat-treated transition zone samples. The numbers in the legends
denote whether the specimen was part of the first, second, or third experimental set and
O2/air denotes which sparging gas was used.
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Figure 4.15: Maximum depth of corrosion penetration into steel as a function of time for
(a) cold spray (stars) and heat-treated cold spray Cu/steel (other symbol shapes), (b)
electrodeposited Cu/steel, and (c) heat-treated transition zone samples. The numbers in
the legends denote whether the specimen was part of the first, second, or third
experimental set and O2/air denotes which sparging gas was used.
For all samples, the general trend is that when corrosion propagates more preferentially
along the Cu/steel interface, the corrosion penetration depth into steel is smaller, and vice
versa, Figure 4.14 and Figure 4.15. On samples that experience a linear increase in
corrosion damage volume (e.g., Figure 4.13, electrodeposited Cu/steel and heat-treated
transition zone samples exposed to O2-sparged solution), the depths of corrosion
penetration increase less over time, Figure 4.15, which is expected considering that as the
damage volume increases, the damage can spread over a larger surface area, providing it
is not inhibited by corrosion products. Both heat-treated cold spray Cu/steel, Figure
4.14(a) and Figure 4.15(a), and electrodeposited Cu/steel samples, Figure 4.14(b) and
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Figure 4.15(b), exhibit a range of interfacial corrosion damage areas and penetration
depths, depending on the experimental set, while heat-treated transition zone samples
experienced less extensive interfacial corrosion, Figure 4.14(c), but among the greatest
penetration depths, Figure 4.15(c).
Micro-CT image slices and damage volume images show that, on heat-treated cold spray
Cu/steel samples, Figure 4.4, Figure 4.6, Figure 4.8, Figure 4.11, and Figure 4.12,
corrosion damage propagates radially from the defect along the Cu/steel interface, and
the extent of corrosion along the Cu/steel interface is greater than the penetration depth
into steel. The measurements of the distribution of damage, Figure 4.14(a) and Figure
4.15(a), demonstrate that the extent of interfacial corrosion on the heat-treated cold spray
Cu/steel samples, when comparing samples at the same damage volumes, is very similar
for the second and third sets of synchrotron experiments, Figure 4.14(a). The heat-treated
cold spray Cu/steel samples that were used in the first set of experiments (Chapter 3,
section 3.3.4) were from a different production batch, and exhibit more interfacial
corrosion at greater damage volumes. This may be because these samples are less
optimized, or because of local differences in the coating/steel interface.
The non-heat-treated cold spray Cu/steel samples, which were used in the first set of
experiments, experience the most interfacial corrosion, as shown by the star symbols in
Figure 4.14(a). These samples have 1.5–2.6 times greater damage areas at the Cu/steel
interface than heat-treated cold spray Cu/steel samples in the second and third
experimental sets for the same overall volume of corrosion damage. This supports the
view that heat treating, and the resulting reduction in residual internal stress and strain,
have a role in reducing the extent of interfacial corrosion. This is typically at the expense
of deeper penetration depths into steel, however, the corrosion penetration depth on the
non-heat-treated cold spray Cu/steel samples in experimental set 1 (star symbols, Figure
4.15(a)) was deeper than on the heat-treated cold spray Cu/steel samples (circle symbols,
Figure 4.15(a)). This behaviour can be explained by the smaller areas of steel exposed at
the base of the defect in the non-heat-treated cold spray Cu/steel samples (Chapter 3,
Figure 3.12 and Figure 3.15), compared to the heat-treated cold spray Cu/steel samples
(Chapter 3, Figure 3.13 and Figure 3.16). Since the area of Cu is consistent between
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samples, having a smaller area of steel exposed means that the cathode:anode area ratio is
larger, so the same amount of current from O2 reduction on Cu will drive corrosion in a
smaller area, resulting in a deeper penetration depth.
Regarding the low density-particles (alumina) left behind by the grit blasting used to
prepare the steel surface prior to applying the cold spray Cu coating, there is no evidence
to suggest that they participate in the corrosion and accompanying chemical reactions, as
they do not change from time-point to time-point in the micro-CT images, even when
within the corroded steel region. In addition, alumina is insulating, as well as
thermodynamically stable in NaCl solution that is not highly acidic, nor highly basic. The
only influence they may have is if a void space has formed between the particle and the
surrounding Cu and steel. In this case, solution can enter the void, which can increase
how far corrosion can propagate.
Electrodeposited Cu/steel samples exhibit corrosion damage that penetrates into steel and
interfacial corrosion that propagates in the direction of the machining grooves that were
left on the steel prior to the application of the electrodeposited Cu coating (as shown in
Figure 4.5, Figure 4.7, Figure 4.8, and Figure 4.11). It is not certain at this point exactly
what changes the machining process makes to the properties of the steel to induce this
directionality in the interfacial corrosion. A possible cause could be the work hardening
and plastic deformation near the surface of the steel that results from machining [6], since
these microstructural changes have been shown to influence corrosion behaviour [7–9].
The deformation (and resulting residual stress) could result in a higher-energy surface
that is more susceptible to corrosion. This effect was observed in a study of the effect of
machining configuration on the corrosion of mild steel, which showed that greater
deformation, roughness, and strain resulted in greater corrosion rates [7].
Comparing the corrosion damage volumes, specifically the extent of interfacial corrosion,
as a function of time, the electrodeposited Cu/steel samples used in the third set of
experiments, Figure 4.11, experienced significantly greater interfacial corrosion than
those used in the second set, Figure 4.8, despite being from the same batch. However, the
overall extent of corrosion is also significantly greater in the third experimental set,
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Figure 4.13, which can be attributed to eliminating the bubble formation issues
experienced in the second setup and to a higher sparging rate in the third set of
experiments (the sparging tubes would get clogged with salt and the sparging rate had to
be increased slightly). Therefore, for a relevant comparison, samples with a similar
damage volume must be compared.
Comparing the extent of interfacial corrosion on the electrodeposited Cu/steel samples
that have similar overall damage volumes (i.e., as a function of damage volume), the
samples used in the second and third sets of experiments show a distinctly greater extent
of interfacial corrosion compared to the samples used in the first experimental set, Figure
4.14(b). Although the extent of interfacial corrosion is greater on the electrodeposited
Cu/steel samples used in the second and third set of experiments, the depth of corrosion
penetration into steel is not smaller (taking into account the much smaller damage
volumes for the second experimental set) than on the samples used in the first set of
experiments, Figure 4.15(b). This behaviour can be explained by the larger areas of steel
exposed at the base of the defect on the electrodeposited Cu/steel samples used in the first
set of experiments (Chapter 3, Figure 3.14 and Figure 3.17). Since the area of Cu is
consistent between samples, having a larger area of steel exposed means that the
cathode:anode area ratio is smaller, so the same amount of current from O2 reduction on
Cu will drive corrosion in a larger area, resulting in a shallower penetration depth.
The electrodeposited Cu/steel samples used in the first experimental set were part of a
different production batch, and the difference between the uniformity of the Cu/steel
interface of the different batches of electrodeposited Cu/steel can be seen in the
horizontal micro-CT image slices in Figure 4.16. The machining grooves that traverse the
interface are extremely uniform in the batch of electrodeposited Cu/steel used in the first
experimental set, Figure 4.16(a), and are irregular, with low density (dark grey) regions
between the Cu and the steel (which may be void space) in the batch used for the second
and third experimental sets, Figure 4.16(b). The lower uniformity and presence of lowdensity areas suggest that the steel surface was more damaged by machining prior to
being coated with Cu and the resulting interface is lower quality than the batch used in
the first experimental set. This is supported by the greater adhesion at the Cu/steel
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interface that was measured on samples from the first batch. Thus, the greater interfacial
corrosion observed in the second and third experimental sets (Figure 4.14(b)) is likely a
consequence of greater strain and stress, poorer adhesion, and lower uniformity of the
electrodeposited Cu/steel interface.
That the electrodeposited Cu/steel samples from the batch used in the first set of
experiments had greater adhesion and a more uniform interface, and experienced less
interfacial corrosion (Figure 4.14(b)), demonstrates that the substrate preparation and
coating process, and the resulting properties of the coating, influence the distribution of
corrosion damage. Therefore, extensive interfacial corrosion would not be expected on
optimized samples.

Figure 4.16: Synchrotron micro-CT horizontal image slices at the electrodeposited
Cu/steel interface of samples produced in different batches, showing (a) the regular,
uniform machining grooves and (b) apparently rough and irregular/uneven machining
grooves, with dark spots between Cu and steel representing low-density areas. Samples
used in the first experimental set were from the same batch as the sample shown in (a)
and the second and third sets used samples from the same batch as the sample shown in
(b).
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Figure 4.17: Synchrotron micro-CT horizontal image slice at the electrodeposited
Cu/steel interface of a heat-treated transition zone sample, showing the regular, uniform
machining grooves.
Heat-treated transition zone samples exhibit a more hemispherical corrosion damage
volume in the steel than other specimens (as shown in Figure 4.11). In contrast to the
electrodeposited Cu/steel samples used in the second and third sets of experiments, the
heat-treated transition zone samples, which also have electrodeposited Cu next to steel,
experience notably little interfacial corrosion, Figure 4.14(c), at the expense of deeper
penetration into the steel, Figure 4.15(c). The differences between these two types of
samples are the following: (i) the electrodeposited Cu/steel and transition zone Cu/steel
plates, from which samples were cut, were produced in different batches; (ii) the
electrodeposited Cu/steel plate has a less uniform interface, Figure 4.16(b), than the
transition zone plate, Figure 4.17; and (iii) the transition zone Cu/steel was heat-treated
and had Cu cold sprayed onto its electrodeposited Cu layer. The stress-relieving effect of
the heat treatment is a probable reason for the reduction in interfacial corrosion, with the
differences in the Cu/steel interfacial uniformity and the overall coating process most
likely playing a role as well. The more uniform, regular machining grooves, that have
few surrounding low-density areas, Figure 4.17, indicate that the steel surface on the
transition zone samples was less damaged by machining prior to being coated with Cu,
resulting in a less stressed, higher quality interface (that is, therefore, less susceptible to

119

corrosion) compared to the electrodeposited Cu/steel samples used for the second and
third set of experiments (Figure 4.16(b)).
Overall, the results from all three sets of synchrotron micro-CT experiments show that
the distribution of corrosion damage differs depending on the properties of the Cu/steel
interface, which are determined by the steel preparation method, the Cu coating
method/procedure, and the post-deposition treatment (i.e., heat-treatment). The
susceptibility of a Cu/steel specimen to interfacial corrosion depends primarily on the
physical properties of the Cu/steel interface (stress, adhesion, non-uniformity) and greater
interfacial corrosion is typically accompanied by a smaller corrosion penetration depth
into steel. The distribution of corrosion damage remains consistent over time as the
damage volume increases and is not significantly affected by the corrosion rate.

4.4

Summary and Conclusions

Three sets of time-resolved synchrotron micro-CT corrosion studies were conducted to
monitor the evolution of corrosion damage at a through-coating defect location, and to
determine the effects of O2 availability and the materials’ properties at the Cu/steel
interface. Cu-coated carbon steel specimens were exposed to 3.0 M NaCl solution
sparged with O2, air, or Ar and imaged periodically over the duration of the experiments.
The second and third sets of experiments, presented in this chapter, used specially
designed miniature electrochemical cells to enable in-situ imaging of the specimens as
they corroded.
The micro-CT images and measurements of the corrosion damage volumes showed that
the supply of O2 to the surface of the sample governs the corrosion rate and the overall
amount (volume) of corrosion damage sustained by steel. More O2 available to be
reduced at the specimen surface leads to more corrosion damage and the increase in the
corrosion damage volume is, in general, approximately linear over the duration of these
experiments, 38–42 h. Although the availability of O2 determines the rate and extent of
corrosion, it does not have a significant effect on the distribution of corrosion damage.
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While the different Cu coating methods do not have a large effect on the extent and rate
of corrosion, they do have a significant influence on the distribution of corrosion damage.
Comparing the results from all three sets of synchrotron micro-CT experiments, it was
seen that the geometry (i.e., distribution) of corrosion damage was affected by the steel
preparation method, the specific procedure used to apply the Cu coating, and the postdeposition heat treatment, if any. Less extensive corrosion along the Cu/steel interface
was observed on samples that had a less stressed, more uniform, and more well-adhered
interface. However, this was typically at the expense of deeper penetration into the steel.
Heat-treated cold spray Cu/steel samples exhibited a radial spread of corrosion from the
defect along the interface. Improvements to the cold spray procedure from the samples
used in first experimental set to those used in the second and third experimental sets
resulted in less interfacial corrosion, but greater penetration depths into the steel.
Electrodeposited samples showed preferential interfacial corrosion parallel to the
direction of machining, which is the direction in which the steel substrate is more
deformed and stressed. The samples used in the second and third sets of experiments
corroded significantly more along the Cu/steel interface than the samples used in the first
set of experiments, although the depth of corrosion penetration into steel did not decrease
correspondingly. The greater interfacial corrosion is attributed to the lower quality of the
Cu/steel interface and the lack of decrease in the corrosion depth into steel to the smaller
areas of exposed steel. Heat-treated transition zone samples experienced little interfacial
corrosion, due to the high quality of the Cu/steel interface, but among the greatest
penetration depths into the steel. The heat-treated samples showed a smaller spread of
interfacial corrosion, which is attributed to the stress-relieving effects of the heat
treatment.
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Chapter 5
Anoxic Corrosion of Cu-Coated Carbon Steel at a
Through-Coating Defect
5.1

Introduction

In the absence of O2, carbon steel is thermodynamically unstable in aqueous systems.
Oxidation of carbon steel, which is primarily iron, occurs via the following anodic
reaction:
Fe → Fe2+ + 2e−

(5.1)

In neutral aqueous solution, the cathodic reaction supporting the corrosion of steel is the
reduction of water:
2H2O + 2e− → H2 + 2OH−

(5.2)

Although the driving force for corrosion, namely the difference between the equilibrium
potentials of the anodic and cathodic reactions, is smaller than for steel corrosion coupled
to O2 reduction, it still proceeds. The corrosion rate of carbon steel in anoxic conditions is
considerably lower than in the presence of O2: corrosion rates are ~100 µm/a on average
in the presence of O2 [1], whereas rates ranging from 1 µm/a to 10 µm/a have been
reported at ambient temperature, in neutral, O2-free, chloride-containing solution [2–6].
The initial corrosion rate in anoxic conditions is typically higher, but decreases as a
corrosion product film, composed of magnetite (Fe3O4), forms on the steel surface [7,8].
When coupled to Cu in oxic conditions, the corrosion of carbon steel is galvanically
accelerated by O2 reduction on Cu. When H2O is the only oxidant available, its reduction
(Equation (5.2)) on steel, and possibly on magnetite deposits, drives Fe oxidation [9,10].
The contribution of H2O reduction on Cu to driving steel corrosion is expected to be
negligible because of its unfavourable reaction kinetics (the overpotential required is
greater than that required for H2O reduction on steel (Fe)) [11,12].
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Studies of the galvanic corrosion of cast iron coupled to Cu have demonstrated that, in
deaerated artificial groundwater, the measured corrosion rates are close to the corrosion
rates of uncoupled cast iron [9,13]. The authors noted that, in deaerated conditions,
although the corrosion rate is initially determined by the kinetics of the cathodic reaction
(H2 evolution), the corrosion rate decreases over time due to the protective corrosion
product film, likely composed of magnetite, that forms on the cast iron surface. A study
of Cu/carbon steel couples in deaerated synthetic bentonite pore water and saturated
compacted bentonite has also shown that coupling with Cu in the absence of O2 has a
negligible effect on the corrosion rate of carbon steel [14].
As described in Chapter 1, Cu-coated carbon steel containers have been proposed for the
permanent disposal of used nuclear fuel in Canada. Emplacement of a container in a deep
geological repository (DGR) with a through-coating defect could potentially result in
corrosion damage to the steel vessel, as it would bypass the Cu coating corrosion barrier.
Oxidizing conditions are expected to produce the greatest corrosion rates, due to the
coupling between O2 reduction on Cu and steel oxidation. However, once O2 is
consumed, general corrosion of the exposed carbon steel could persist, potentially
indefinitely, under wet, anoxic conditions, due to the thermodynamic instability of steel
in water, as described above. This anoxic corrosion of steel, although slow under DGR
conditions [2–6], could lead to eventual container failure. The most problematic location
for a defect is in the region where the steel container is welded closed, since the weld
depth will only be about 8 mm, whereas the body and head of the container will be
47 mm–thick and 30 mm–thick, respectively, Figure 5.1 [15]. Consequently, examining
the extent of corrosion in these conditions is essential to determine the overall impact of
corrosion on the lifetime and integrity of the used fuel containers.
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Figure 5.1: Illustration of the body, head, and weld region of the carbon steel inner vessel
of a used nuclear fuel container, which is coated with cold spray Cu and electrodeposited
Cu. The “transition zone” is where the Cu coatings overlap at the location of the closure
weld.
The corrosion of the Cu/carbon steel couple in anoxic conditions has not been studied
previously in the configuration of Cu-coated steel with a through-coating defect.
Therefore, to investigate this scenario, novel specimens with a simulated defect were
designed and fabricated from Cu-coated carbon steel plates. These specimens were
immersed in 3.0 M NaCl solution, either sparged with Ar or in an anaerobic chamber
(with an Ar atmosphere), for durations ranging from 2 weeks to over 1 year. Ar-sparged
conditions typically contain trace O2, while an anaerobic chamber provides lower O2
levels. A study of the effectiveness of dissolved O2 removal from water found that after
sparging with N2 for 30–60 minutes, 0.13–0.35 ppm (130–350 ppb) of O2 remained [16].
In contrast, in an anaerobic chamber containing <0.1 ppm O2, the maximum [O2] in
solution is 0.002 ppb (1 ppb = 6.2510−8 mol L−1), calculated in-house using Henry’s
law,
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[O2] = KHPO2

(5.3)

KH is Henry’s law constant, 0.0013 mol L−1 atm−1 (1 atm = 101 325 Pa) for O2 dissolved
in water [17], and PO2 is the partial pressure of O2, <1 10−6 atm. [O2] is the
concentration of dissolved O2 in mol L−1, which was converted to ppb using the molar
mass of O2 and the density of water.
The progression of corrosion was monitored by measuring the potential and the
polarization resistance of the specimen, which reflect the relative rates of the chemical
reactions occurring on the sample surface and the changes in the overall corrosion rate,
respectively. Micro-CT was used to image the corrosion damage at the base of the
through-coating defect and along the Cu/steel interface; the features of the corrosion
damage, such as metal volume lost, were analyzed from the resulting data. Additional
information about the corrosion mechanism was obtained through analyses of the
corrosion product composition and distribution around the defect using SEM/EDX and
Raman spectroscopy. This study adds to the understanding of how the corrosion process
on a Cu/carbon steel couple changes as the availability of O2 is reduced and addresses the
question of how a through-coating defect would impact corrosion in the absence of O2.

5.2

Experimental

5.2.1 Cu-Coated Carbon Steel Specimens
The materials that were investigated in this study were A516 grade 70 carbon steel plates
Cu-coated via cold spray deposition or electrodeposition. Details of the coating processes
have been given in Chapter 2, section 2.1. The samples exposed under Ar-sparged
conditions were cut from original cold spray Cu-coated carbon steel plates into ~4 × 4 ×
9 mm3 pieces, Figure 5.2(a), and 2 mm–diameter cylinders, Figure 5.3(a). Samples
exposed to solution in an anaerobic chamber were cut from a cold spray Cu-coated steel
plate that was coated using an improved process, and from a plate of electrodeposited Cu
on steel, into 2 mm–diameter cylinders, Figure 5.3(a). All samples had a ~0.5 mm–
diameter hole drilled through the 3 mm–thick coating to the Cu/steel interface to simulate
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a defect. A number of the cold spray Cu/steel specimens were heat-treated in a tube
furnace at 350 °C for 1 h under Ar gas.

Figure 5.2: Cu-coated steel specimen with a hole drilled through the Cu to the steel,
(a) uncoated, (b) with a wire connector and coated with Amercoat. Modified from [15].

Figure 5.3: Cu-coated steel specimen with a hole drilled through the Cu to the steel,
(a) uncoated, (b) with a wire connector covered with heat-shrink polytetrafluoroethylene
(PTFE) tubing and coated with Torr Seal. Modified from [18].
For all specimens, the top Cu surface was wet-ground by hand with SiC paper to P320,
P600, and finally a P1200 grit finish, using a minimal amount of water and drying the
sample frequently to ensure that the steel at the base of the drilled hole remained dry. To
enable electrochemical measurements, a wire, insulated from any exposure environment
by heat-shrink PTFE tubing, was soldered to the steel substrate. Samples were sonicated
in methanol to remove any polishing residue prior to being coated with epoxy on all sides
except for the top Cu surface. The ~4 × 4 × 9 mm3 samples were painted with three coats
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of Amercoat epoxy resin, each coat being allowed to cure at 60 °C for 24 h, Figure
5.2(b). Two coats of Torr Seal epoxy (Kurt J. Lesker Canada, Inc., Concord, ON,
Canada) were applied to the 2 mm–diameter samples, each allowed to cure at 60 °C for
2 h, Figure 5.3(b). Before beginning an experiment, the top Cu surface was wet-ground to
a P2400 grit finish using SiC paper and the sample sonicated in methanol and dried in a
stream of Ar.
Samples used for long-term exposure experiments were 2 mm–diameter cylinders
prepared in the same manner but without an attached wire. After two coats of Amercoat
epoxy resin were applied, and the top Cu surface wet-ground to a P2400 grit finish using
SiC paper, the sample was sonicated in methanol and dried in a stream of Ar. Amercoat
was then used to paint the sample with a third coat. The specimen was mounted inside a
glass vial (3.5 mL capacity), Figure 5.4, by pouring Amercoat into the vial and placing
the specimen into the epoxy, stabilizing it until the epoxy hardened. This ensured that the
specimen was affixed to the bottom of the vial and would not move, which was
particularly important for imaging the specimen while inside the vial using micro-CT.
After curing, the vial containing the sample was transferred to an anaerobic chamber
([O2] <0.1 ppm), filled with 3.0 M NaCl solution, and sealed using the screw-on cap,
which was subsequently wrapped with several layers of Parafilm.
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Figure 5.4: (a) Diagram and (b) photo of the setup used for long-term exposure
experiments. The specimen is shown in Figure 5.3(a).
For ease of identification, the samples will be referred to by the abbreviations listed in
Table 5.1 for the remainder of this chapter.
Table 5.1: Abbreviations for sample names.
Sample Description
Cold spray Cu on carbon steel (original)
Heat-treated cold spray Cu on carbon steel
(coated using an improved process)
Electrodeposited Cu on carbon steel

Sample Abbreviation
CS-1 Cu/steel
H-T CS-2 Cu/steel
ED Cu/steel

5.2.2 Electrochemical Setup
Experiments were performed in a three-electrode electrochemical cell, with Pt foil as the
counter electrode, a saturated calomel electrode (SCE) as the reference electrode, and the
Cu-coated carbon steel sample as the working electrode. While the exact groundwater
conditions within a Canadian DGR are uncertain, they are expected to be chloridedominated, and may range from 0.04 g/L to 200 g/L (0.001 M to 5.6 M) in chloride, with
a near-neutral pH [19] (additional details regarding the anticipated conditions in a
Canadian DGR are provided in Chapter 1, section 1.2.2). Accordingly, for this
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experimental program the electrolyte was a pH-neutral, 3.0 M NaCl solution prepared
with reagent grade NaCl (Caledon Laboratories) and ultrapure water from a Thermo
Scientific Barnstead Nanopure water purification system set to yield a resistivity of
18.2 MΩ·cm.
Experiments were performed in either Ar-sparged conditions or in an anaerobic chamber
with an Ar atmosphere. One anaerobic chamber maintained an [O2] of <0.1 ppm
(0.1 ppm is the detection limit for the O2 probe used to monitor the system) and the
temperature was 26 ± 3 °C. The other anaerobic chamber maintained an [O2] of <1 ppm,
although the actual [O2] should be much lower. This is because the chamber did not
possess a moisture detector, so both O2 and water vapour were detected. The temperature
inside this second anaerobic chamber was 25 ± 2 °C. In benchtop Ar-sparged
experiments, the solution was sparged with ultra high purity Ar (PRAXAIR) for
~60 minutes before starting an experiment and sparging continued throughout the
experiment. For experiments performed in an anaerobic chamber, ultrapure water was
sparged with ultra high purity Ar for ~60 minutes before being brought into the anaerobic
chamber. The NaCl solution was prepared inside the chamber. To inject solution into the
defect, a syringe with a long, 0.41 mm–diameter needle was used. For benchtop Arsparged experiments, solution was injected into the defect under an Ar atmosphere.
Benchtop experiments were performed at room temperature (21 ± 2 °C).
The galvanic potential (Eg) of the Cu-coated steel electrode was monitored throughout the
experiments and its polarization resistance (Rp) was measured periodically using the
linear polarization resistance (LPR) technique. Electrochemical measurements were made
using either a Solartron 1287 Electrochemical Interface potentiostat/galvanostat with
CorrWare software, a Solartron Analytical Modulab with XM-studio software, a Pine
WaveDriver 20 bipotentiostat with AfterMath software (only used for Rp measurements),
an IOTech ADC 488/16A analog-to-digital converter with National Instruments
LabVIEW software written in-house, or a Keithley 6514 system electrometer with
National Instruments LabVIEW software written in-house (the last two instruments were
only used for Eg measurements). LPR experiments were performed by scanning the
potential ±5 mV from Eg at a rate of 10 mV/min. Rp values were normalized to the

130

surface area of steel in Ar-sparged conditions and to the entire exposed Cu and steel
surfaces, rather than steel alone in anoxic conditions (in an anaerobic chamber); the
reason for this will be explained later in this chapter, in section 5.3.1.2.

5.2.3 Laboratory-Based and Synchrotron Micro-CT
Micro-CT was used to image the corroded Cu-coated steel samples to determine the
extent (volume) and distribution of corrosion damage.
Laboratory-based micro-CT was performed using a Nikon Metrology XT H 225 ST
micro-CT system at Western University’s Sustainable Archaeology facility. The pixel
size (resolution) of the data shown here is 3.15 µm.
Synchrotron micro-CT was performed at the Advanced Photon Source (APS) (Argonne
National Laboratory, Argonne, IL, USA) using beamline 2-BM-A. The spatial resolution
was 0.87 µm for the configuration used in these experiments, which enables accurate
damage volume measurements from the resulting data. The resulting data were
reconstructed using TomoPy, an open-sourced, Python-based framework [20]. The
reconstructed data were imported into software to visualize them in 2D as image slices or
in 3D as a volume and to calculate the volume of steel corroded at the base of the defect.

5.2.4 Corrosion Damage Volume Measurements from Micro-CT Data
The volume of steel lost due to corrosion at the base of the through-Cu defect was
measured from the micro-CT data by segmenting the volume at the base of the defect.
Cu, steel, and low-density areas were differentiated by their greyscale values, with the
lowest density areas being the darkest. To obtain the volume due to corrosion alone and
to reduce the influence of sample-to-sample variation in the depth of the original drilled
hole, the original volume of the defect was subtracted from the corroded volume. To
ensure consistency in the segmentation and measurement, each data set was aligned so
that the Cu/steel interface was horizontal and not tilted, and the segmentation was
performed from the same horizontal plane downwards in each data set from a given
sample.
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5.3

Results and Discussion

5.3.1 Electrochemistry
In the absence of O2, the corrosion behaviour changes, as demonstrated by the lower Eg
and higher Rp values (Rp−1 ∝ corrosion rate) compared to those measured in oxygenated
(−0.29 to −0.52 VSCE, 12 to 130 Ω·cm2) and aerated conditions (−0.37 to −0.61 VSCE, 20
to 150 Ω·cm2) (Chapter 3).
5.3.1.1 Deaerated Conditions
In Ar-sparged solution, the Eg values, Figure 5.5, are between −0.62 and −0.69 VSCE and
the Rp values are between 230 and 1070 Ω·cm2, Figure 5.5(b). The concurrent increase in
Eg and Rp between days 1 and 10 in Figure 5.5(b) indicates that an oxide is slowly
forming on the steel at the base of the defect and the rate of the anodic dissolution of steel
is slowing. In deaerated and anoxic conditions, the expected iron oxide is magnetite,
Fe3O4, which is a mixed FeII/FeIII oxide [21]. The subsequent decrease in Eg (to
−0.68 VSCE) and increase in Rp (to ~1000 Ω·cm2) at ~17 days indicate that the cathodic
kinetics (i.e. H2O reduction kinetics) have become inhibited, which could be due to the
formation of semi-insulating oxide on the steel surface. The trace O2 present in Arsparged conditions can convert the outer layer of magnetite (Fe3O4) to a less conductive
FeIII oxide (possibly maghemite, γ-Fe2O3, due to its structural similarity to magnetite
[21]). FeIII oxides/oxyhydroxides were identified by Raman spectroscopy on the top Cu
surface (discussed in section 5.3.2), which is evidence of trace O2.
The increase in Eg beginning at day 20 in the first experiment, Figure 5.5(a), may be due
to the formation of oxides on steel, based on the similarity between the Eg values with
those measured between days 5–10 in Figure 5.5(b). The differences in Eg over time
between (a) and (b) could be a result of different, and possibly varying, amounts of trace
O2 dissolved in solution. In addition, the area of steel exposed was smaller in (b) than in
(a), so it may become completely blocked by corrosion products.
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Figure 5.5: (a) Eg data for a ~4 mm × 4 mm CS-1 Cu/steel sample; (b) Eg (line) and Rp
(triangles) data for a 2 mm–diameter CS-1 Cu/steel sample; both samples were exposed
to an Ar-sparged 3.0 M NaCl solution. The Rp values were normalized to the area of
exposed steel at the base of the defect.
The fast transition from low to high Eg and Rp values that was seen in oxygenated and
aerated conditions (Chapter 3) did not occur in deaerated conditions, indicating that a
protective oxide film or corrosion product deposit does not form as readily on the steel,
and the nature of the film or deposit that does form is different. This is expected, since in
the absence of O2 (and other strong oxidants, which are not present in this system),
dissolved Fe2+ is not readily oxidized to Fe3+, which is insoluble and would precipitate as
a partially protective deposit, as seen in Chapter 3.
5.3.1.2 Anoxic Conditions
The Eg and Rp data for H-T CS-2 Cu/steel and ED Cu/steel samples exposed for 11, 26,
or 63 days to 3.0 M NaCl solution in an anaerobic chamber are shown in Figure 5.6. The
ED Cu/steel (the data for which are shown in shades of blue) tends to have lower Eg and
higher Rp values than the H-T CS-2 Cu/steel (the data for which is shown in shades of
pink).
The Eg values for the ED Cu/steel samples (shown by the blue lines in Figure 5.6)
experience an initial decrease from between −0.44 and −0.58 VSCE over ~3 days, after
which they rest between −0.66 and −0.70 VSCE. The specimen exposed for 11 days
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remains at ~−0.70 VSCE for the duration of its exposure. The specimen exposed for
26 days rests between −0.66 and −0.67 VSCE until it begins to decrease around day 11.
After decreasing for 6 days, the Eg values stabilize at −0.68 VSCE. The Eg values for the
ED Cu/steel sample exposed for 63 days are between −0.69 and −0.70 VSCE for the first
21 days. Thereafter, Eg increases, reaching values around −0.60 VSCE by the end of the
experiment. The reason for this increase in Eg is uncertain, as it is not accompanied by a
significant change in Rp values (dark blue symbols in Figure 5.6). It is likely related to the
specific electrode and not to the exposure environment, since the H-T CS-2 Cu/steel
electrode that was also exposed for 63 days (dark pink data in Figure 5.6) was immersed
concurrently in the same cell but did not experience an increase in Eg and Rp values. The
micro-CT data from this ED Cu/steel sample (presented in section 5.3.3.2) show a small
pit-like feature extending into steel at the base of the defect, which was not seen on any
other specimens, suggesting that the increase in Eg may be related to this feature. Pitting
is not anticipated at these potentials, so this feature may be the result of an inclusion in
steel acting as a catalytic site for H2O reduction.
The Eg values for the H-T CS-2 Cu/steel samples (shown by the pink lines) also
experience an initial decrease over ~3 days, but from slightly less negative values
compared to the ED Cu/steel, between −0.40 and −0.50 VSCE, after which they rest
between −0.65 and −0.67 VSCE. The specimen exposed for 11 days remains at
~−0.67 VSCE and the specimen exposed for 26 days rests between −0.66 and −0.67 VSCE.
The Eg values for the sample exposed for 63 days rest around −0.65 VSCE for the majority
of the experiment and decrease slightly to −0.67 VSCE from day 53 to day 63. The spike
in Eg at day 34 for both the ED Cu/steel and H-T CS-2 Cu/steel samples was due to an
instrument error.
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Figure 5.6: Eg (lines) and Rp (symbols) data for H-T CS-2 (shades of pink) and ED
Cu/steel samples (shades of blue) exposed to a 3.0 M NaCl solution in an anaerobic
chamber. The different shades represent the different lengths of exposure. The samples
were 2 mm-diameter cylinders with a 0.5 mm–diameter hole drilled down through the
coating to the Cu/steel interface. The samples corroded for 11 days and 26 days were
exposed simultaneously in the same electrochemical cell (in an anaerobic chamber with
[O2] <1 ppm), as were the two samples corroded for 63 days (in an anaerobic chamber
with [O2] <0.1 ppm).
The Rp values, shown by the symbols in Figure 5.6, do not respond noticeably to changes
in Eg, suggesting that steel is not contributing significantly to the measured Rp values.
Therefore, the Rp values have been normalized to the surface area of the entire exposed
Cu and steel surfaces, rather than the steel surface alone. Having both Cu and steel
exposed on the same sample means that the system acts as two parallel polarization
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resistances. Therefore, the inverse of the measured Rp value is the sum of the inverse of
the two resistances:
1
𝑅p,measured

=

1
𝑅p,Cu

+

1

(5.4)

𝑅p,steel

If Rp,Cu is much larger than Rp,steel, then Rp,measured will be determined by Rp,steel, and vice
versa. To determine the contributions of Cu and steel to the measured Rp values, shown in
Figure 5.7, the Rp values measured on Cu and carbon steel alone in anoxic conditions
were considered. The Rp values reported for individual Cu and carbon steel samples were
divided by the Cu and steel surface areas of the samples used in this study, respectively,
so that they could be compared with the Rp values measured in this study. The values
used for comparison are listed in Table 5.2.

Figure 5.7: Measured Rp values, uncorrected for surface area, of H-T CS-2 (shades of
pink) and ED Cu/steel samples (shades of blue) exposed to a 3.0 M NaCl solution in an
anaerobic chamber.
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Table 5.2: Steady-state Rp values (area-normalized and not) measured in this study and
reported in the literature in anoxic, high-[Cl−] conditions. Literature values were divided
by the typical surface area of either Cu (0.086 cm2) or steel (0.001 cm2) exposed on the
specimens used in the present study. Values recorded on day 1 are not included.
Material
H-T CS-2 Cu/steel with a through-coating defect
ED Cu/steel with a through-coating defect
Carbon steel [22]
Heat-treated cold spray Cu [15]
Electrodeposited Cu [15]

Rp (kΩ·cm2)
18–41
49–81
5–25
14–53
27–56

Rp (kΩ)
165–376
550–930
5 000–25 000
163–616
314–651

The Rp values measured on carbon steel exposed to 4.77 M NaCl solution in an anaerobic
chamber increased from 5 kΩ·cm2 to 10 kΩ·cm2 over the first 5 days and then increased
gradually to ~25 kΩ·cm2 by the end of the 47-day exposure [22]. Multiplying these Rp
values by a typical surface area of steel exposed at the base of a defect in this study,
0.001 cm2, results in values of 5000, 10 000, and 25 000 kΩ. These values are
significantly higher than the Rp values measured in this study, Figure 5.7, which range
from 8 kΩ (on day 1 of exposure) to 930 kΩ.
A previous study conducted on Cu coatings in 3.0 M NaCl solution in an anaerobic
chamber showed that the Rp values increased from 14 to 53 kΩ·cm2 for heat-treated cold
spray deposited Cu and from 27 to 56 kΩ·cm2 for electrodeposited Cu over the first 63
days of exposure [15]. Multiplying these Rp values by the average surface area of Cu on
samples used in this study, 0.086 cm2, results in values of 163–616 kΩ and 314–651 kΩ
for heat-treated cold spray Cu and electrodeposited Cu, respectively. This range of Rp
values for heat-treated cold spray Cu is similar to (although extends higher than) the
range measured in this study for H-T CS-2 Cu/steel, 165–376 kΩ, Figure 5.7 (shades of
pink). The range of Rp values for electrodeposited Cu (314–651 kΩ) [15] is lower than
the range measured in this study for ED Cu/steel, 550–930 kΩ, Figure 5.7 (shades of
blue).
The Rp values measured on day 1 were not included in this comparison because they are
much lower than any of the other Rp values. A possible explanation for these initial low
Rp values that are accompanied by high Eg values is coupling between the reduction of
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air-formed Cu and Fe surface oxides and anodic dissolution of the steel substrate. As the
oxides are consumed, the Rp values would increase and Eg would decrease (which is
typical behaviour when the cathodic kinetics are becoming inhibited) to values closer to
the corrosion potential (Ecorr) of uncoupled carbon steel in anoxic conditions. Similar
behaviour was observed in a previous study where Cu and cast iron with pre-grown
oxides were coupled in deaerated conditions [9]. The current (∝ Rp−1) and potential of
the couple decreased over ~17 days until they reached values comparable to those
measured when Cu and cast iron were not pre-oxidized.
That the Rp values measured in this study are significantly lower than those measured on
carbon steel alone and in a similar range as those measured on Cu alone (the literature
values having been divided by the typical surface area of either Cu or steel exposed on
the specimens used in the present study) indicates that, on Cu-coated carbon steel with a
through-coating defect exposed to anoxic conditions, steel is not reactive and does not
contribute significantly to the measured Rp values.
Regarding the difference between the ranges of measured Rp values, on day 1, the Rp
values are as low as 8 kΩ for H-T CS-2 Cu/steel and as low as 19 kΩ for ED Cu/steel.
From day 2 onward, the Rp values rest between 165 and 376 kΩ for H-T CS-2 Cu/steel
and between 550 and 930 kΩ for ED Cu/steel. The initially low Rp values may be due to
the presence of an air-formed oxide on Cu, the thickness of which has been reported to be
1.6–3.3 nm [23–25]. The reduction of CuII oxide can couple to the oxidation of metallic
Cu and Fe, thereby producing CuI, which would be soluble as CuI chloride complexes
[23,26–28]. In addition, dissolution of the air-formed oxide can result in CuII in solution,
which can participate in redox reactions by being reduced and coupling to the oxidation
of metallic Cu [29,30] and Fe. The participation of CuII in the redox reaction can also
explain the less negative Eg values initially observed, since the Ecorr of Cu has been
reported to shift to less negative values when the cathodic reaction is the reduction of CuII
[27].
To estimate the amount of corrosion damage that could result from coupling with airformed oxide on Cu, the theoretical volume of the oxide was calculated (based on an
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average Cu surface area of 0.086 cm2 for the specimens used in this study and a thickness
of 1.6–3.3 nm [23–25]) and converted to charge (Q [C]) using Faraday’s law. The charge
was then used to calculate the mass of Fe oxidized, again using Faraday’s law. From the
mass, the volume of Fe (steel) corroded was calculated, which worked out to be
<0.00017 µm3. This value is the same order of magnitude as the smallest corrosion
damage volume, 0.0004  0.0003 µm3, measured on an ED Cu/steel specimen corroded
in 3.0 M NaCl solution for 11 days in an anaerobic chamber, and smaller than all others
(all corrosion damage volume measurements are presented in section 5.3.3.4). This is an
indication that steel corrosion coupling to the reduction of air-formed Cu oxides is
plausible.
The lower Rp values measured on H-T CS-2 Cu/steel indicate that these samples are more
reactive than the ED Cu/steel samples, however, the Rp values may be influenced by the
difference between the actual surface areas of cold spray and ED coatings. Even when the
top Cu surface is ground to the same finish, voids in the cold spray coatings that are open
to the top Cu surface and walls of the defect add to the surface area. SEM images of the
top surface of polished H-T CS-2 Cu show the voids open to the surface, Figure 5.8,
which occupy ~0.7% of the surface area. Higher magnification shows the form of the
originally deposited Cu particles within the voids, Figure 5.8(b). This additional surface
area within voids open to the surface is not accounted for in the area-normalized Rp
values, Figure 5.6, but would contribute to the factor of 2–3 difference between the
values measured on H-T CS-2 Cu/steel and ED Cu/steel.
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Figure 5.8: SEM images of the top surface of polished H-T CS-2 Cu showing the voids
open to the surface at (a) low magnification and (b) higher magnification of the region
outlined in (a).
Another possible contribution to the lower Rp values measured on H-T CS-2 Cu/steel
could be the higher O content in the Cu coating. The O content in these coatings is
typically ~2000 ppm [31], compared to <50 ppm in the ED Cu coatings [32]. As Cu
oxide is reduced on the surface, O from the bulk of Cu could potentially diffuse to the
surface and regenerate the oxide. This hypothesis could be tested by conducting
additional experiments, one in which the sample is first cathodically polarized to remove
any surface oxides, and another in which the sample is anodized to produce a thicker
oxide film. Doing so would elucidate whether the difference in the polarization behaviour
is due to the Cu oxide on the surface.
5.3.1.3 Further Discussion of Electrochemical Results
Comparing the Eg values measured on Cu-coated carbon steel in deaerated and anoxic
conditions with literature Ecorr values measured on Cu and steel provides a frame of
reference to determine the degree of polarization of each material and can aid in
interpreting the electrochemical behaviour. In Ar-sparged 1.00 M NaCl solution, the
steady-state Ecorr measured on carbon steel was between −0.795 and −0.800 VSCE and, in
5.00 M NaCl solution, between −0.750 and −0.770 VSCE [33]. In an anaerobic chamber in
0.10 M NaCl solution, Ecorr was ~−0.790 VSCE and, in 4.77 M NaCl solution, between
−0.739 and −0.745 VSCE [22]. The Ecorr values reported for Cu (wrought,
electrodeposited, and heat-treated cold spray deposited) in 3.0 M NaCl solution in an
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anaerobic chamber were between −0.370 and −0.375 VSCE over the 150-day exposure
period [15]. These Ecorr values are listed in Table 5.3.
Table 5.3: Steady-state Ecorr values reported in the literature in Ar-sparged and anoxic,
high-[Cl−] conditions.
Material and conditions
Carbon steel (Ar-sparged 1.00 M NaCl solution) [33]
Carbon steel (Ar-sparged 5.00 M NaCl solution) [33]
Carbon steel (anaerobic chamber, 0.10 M NaCl solution) [22]
Carbon steel (anaerobic chamber, 4.77 M NaCl solution) [22]
Wrought, electrodeposited, and heat-treated cold spray Cu
(anaerobic chamber, 3.0 M NaCl solution) [15]

Ecorr (VSCE)
−0.795 to −0.800
−0.750 to −0.770
~−0.790
−0.739 to −0.745
−0.370 to −0.375

The Eg values measured in this study rest between the Ecorr values reported in the
literature for Cu and carbon steel, which is consistent with the expected behaviour. Eg
rests close to the Ecorr of uncoupled carbon steel, which is in agreement with predictions
based on the polarization behaviour of Fe oxidation coupled to H2O reduction on Fe
alone, compared to on both Fe and Cu: because the overpotential required for H2O
reduction on Cu is greater than that required on Fe [11,12], coupling to Cu does not have
a significant effect on the potential of Fe [34]. This behaviour is also consistent with the
results from a study of cast iron coupled to Cu in deaerated bentonite-equilibrated
groundwater, which found that Eg of the couple rested very close to the Ecorr of uncoupled
cast iron [9]. The greater degree of polarization of steel from its Ecorr seen in the present
study could be a consequence of the Cu:steel area ratio. The surface area of Cu is greater
than that of steel, so Cu has a greater influence over Eg than if the area ratios were equal
(this was observed in the experiments that will be presented in Chapter 6).
Previous studies of carbon steel corrosion in Ar-sparged conditions in 5.00 M NaCl
solution attributed the low reactivity demonstrated by low Ecorr values accompanied by
high Rp values to the slow passivation of the steel surface by magnetite (Fe3O4) [33]. In
an anaerobic chamber in 4.77 M NaCl solution, the Ecorr values were slightly higher and
the Rp values slightly lower. This electrochemical behaviour, along with greater
roughness of the corroded sample surface, was attributed to more active and non-uniform
corrosion at high [Cl−] due to the lack of trace O2 in solution [22]. It was concluded that
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the oxide film was thinner and less protective than in Ar-sparged conditions, when the
solution contained traces of dissolved O2. One other difference between the conditions
was the pH, which was 8.9  0.5 in Ar-sparged conditions and 6.3  0.5 in anoxic
conditions. At the lower pH, FeII and FeIII species (including magnetite, Fe3O4, the
expected corrosion product) are more soluble, which would also contribute to the thinner
oxide layer and higher corrosion rate (lower Rp values) observed on carbon steel in
anoxic conditions.
In the present study, the Eg values are in the same range in both Ar-sparged conditions,
which could contain traces of O2 (−0.62 to −0.69 VSCE, Figure 5.5), and in an anaerobic
chamber, which would not (−0.60 to −0.70 VSCE, Figure 5.6). The Rp values in Arsparged conditions (0.2 to 1.1 kΩ·cm2) are lower than in an anaerobic chamber (16 to
80 kΩ·cm2). This difference in behaviour compared to the results reported in the
aforementioned study could be due to the different geometry of the samples: in this study
steel is only exposed at the base of the defect, so the diffusion pathway of trace O2 to
steel is limited. The pH could also be a factor, since the solution was neutral in both
deaerated and anoxic conditions. For H2O reduction as cathodic reaction, the potential
should shift by 60 mV/pH unit (as shown in the Pourbaix diagram for the Fe/H2O system,
Chapter 1, Figure 1.7). The difference between the pH in Ar-sparged solution in this
study and the previous study is ~2 pH units. This corresponds to a shift in potential of
~120 mV, which is approximately the same as the observed shift in potential.
Overall, the lower Eg and higher Rp values in deaerated and anoxic conditions, compared
to oxygenated and aerated conditions (Chapter 3), indicate that the corrosion rate of Cucoated carbon steel is low, consistent with the expectation that, without O2, the driving
force for the anodic dissolution of steel is H2O reduction on steel (and possibly on
magnetite deposits) [9,10]. Water reduction on Cu, although thermodynamically possible,
would have a negligible contribution to driving corrosion because of its unfavourable
reaction kinetics. This is demonstrated by the overpotential required being greater than
that required for H2O reduction on steel (Fe)) [11,12]. The significant influence of O2 in
driving galvanic corrosion of carbon steel can be appreciated by a comparison of the final
steady-state Rp values achieved: ~17 Ω·cm2 (oxygenated), ~40 Ω·cm2 (aerated),
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~1000 Ω·cm2 (Ar-sparged), ~28 000 Ω·cm2 and ~67 000 Ω·cm2 (anaerobic chamber, H-T
CS-2 Cu/steel and ED Cu/steel, respectively).

5.3.2 Surface Analyses
5.3.2.1 Deaerated Conditions
Raman spectra recorded on the CS-1 Cu surface after corrosion in Ar-sparged 3.0 M
NaCl solution for 72 days, Figure 5.9(a), show the presence of Cu2O and CuO. The peak
at 218 cm−1, although quite weak, is characteristic of Cu2O and the peak at 146–151 cm−1
and the broad peak doublet at 528/623 cm−1 are frequently observed in Raman spectra
recorded on Cu metal and may indicate the presence of Cu2O [35–41]. CuO was
identified by the broad band centered around 300 cm−1 and it also likely contributes to the
broad peak doublet, as it has another characteristic peak at ~632–635 cm−1 [38,42].
Additional Raman spectra, Figure 5.9(b), were recorded on the orange-red crystalline
corrosion product deposits located on Cu at the edge of the defect, Figure 5.10. The two
spectra were recorded at different locations on the deposits. The combination of peaks at
307–314 cm−1, 385–390 cm−1, and 720 cm−1 indicate that the corrosion product is
composed of akaganeite (β-FeOOH) [43–45]. There may also be a contribution from
goethite (α-FeOOH) at 385-390 cm−1 [45–49], as the relative intensity and width of the
peak at this position in Figure 5.9(b) are greater than typically seen in Raman spectra of
akaganeite alone. The small peak at ~150 cm−1 is likely due to the presence of Cu beneath
the deposits [35–41].
The presence of FeIII oxyhydroxides indicates that trace O2 was present during the
experiment. Environments with high [Cl−] (≥2 M) and high [Fe2+] (≥0.5 M) favour the
formation of akaganeite, while goethite forms when either [Cl−] or [Fe2+] is high while
the other is low [43]. In 3 M NaCl solution, a mix of akaganeite and goethite was formed
when [Fe2+] >0.5 M, while only akaganeite formed when [Fe2+] >1.5 M [43]. This
behaviour is consistent with the present results, considering that this experiment was
conducted in 3.0 M NaCl solution and the [Fe2+] is expected to gradually increase over
time as steel at the base of the through-coating defect corrodes (and with only trace O2
present, FeII would not be oxidized to FeIII as readily).
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The presence of Cu oxides could be the result of oxidation by trace O2 in solution or by
coupling to the reduction of Fe corrosion product deposits. Another possibility is that
Raman is detecting Cu oxides trapped within the cold spray coating. Oxides present on
the Cu particles that are cold spray deposited can be trapped in the coating, at the
boundaries between particles [50].

Figure 5.9: Raman spectra from a CS-1 Cu-coated steel sample after corrosion in Arsparged 3.0 M NaCl solution for 72 days, recorded on (a) two different locations on the
Cu surface and (b) two different locations on the orange-red crystalline corrosion product
deposits located on Cu at the edge of the defect.
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Figure 5.10: Optical micrograph of a CS-1 Cu-coated steel sample after corrosion in Arsparged 3.0 M NaCl solution for 72 days.
5.3.2.2 Anoxic Conditions
Like the sample exposed to Ar-sparged solution, Raman spectra recorded on the H-T
CS-2 Cu surface after corrosion in 3.0 M NaCl solution in an anaerobic chamber for
63 days, Figure 5.11, show a hint of a peak at 218 cm−1 that is indicative of Cu2O and a
peak at 146–151 cm−1 and a broad peak doublet at 528/623 cm−1 that are frequently
observed in spectra recorded on metallic Cu surfaces and may also indicate the presence
of Cu2O [35–41]. CuO was identified by the broad band centered around 300 cm−1 and it
also likely contributes to the broad peak doublet, as it has another characteristic peak at
~632–635 cm−1 [38,42]. However, no bands corresponding to Fe corrosion products were
identified. SEM/EDX analysis shows that the Cu surface peripheral to the defect is
covered in NaCl crystals, Figure 5.12. The formation of NaCl crystals is due to sample
drying after removal from the NaCl solution: although the specimen was rinsed with
water, NaCl solution likely remained inside the defect and as it evaporated, NaCl crystals
formed. Small particles composed of Fe and O, Figure 5.12, indicate that some deposition
of Fe corrosion products did occur, as was seen on the specimen exposed to Ar-sparged
solution, Figure 5.9(b). These were not detected by Raman spectroscopy, likely because
they are small and dispersed across the surface.
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Figure 5.11: Raman spectra recorded at three different locations on the surface of a H-T
CS-2 Cu-coated steel sample after corrosion in 3.0 M NaCl solution in an anaerobic
chamber for 63 days.
The presence of Cu2O and CuO may be the result of the reduction of Fe corrosion
product deposits coupling to Cu oxidation. Another possibility, as noted for the CS-1
Cu/steel sample exposed to Ar-sparged solution, is that Raman is detecting Cu oxides
trapped within the cold spray coating. Oxides present on the Cu particles that are cold
spray deposited can be trapped in the coating, at the boundaries between particles [50].
EDX maps of the entire electrode surface, Figure 5.13, show that the region with a higher
Fe content (bottom portion of the sample in the image) also shows a stronger signal from
O. This is the region of the Cu surface on which the Raman spectra, Figure 5.11, were
recorded. EDX analysis of this area (region 1, Figure 5.13) detected 14.9 wt% O. The
opposite side of the Cu surface (the region at the top of each image in Figure 5.13),
however, shows a weaker O response and EDX analysis of this area (region 2, Figure
5.13) shows only 3.5 wt% O. This could indicate that Cu is less oxidized in this region.
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Figure 5.12: SEM image and EDX maps recorded on the Cu surface adjacent to the
through-coating defect, after corrosion in 3.0 M NaCl solution in an anaerobic chamber
for 63 days. The defect, although not shown in the images, is to the top left.
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Figure 5.13: SEM image and EDX maps recorded on the Cu surface after corrosion in
3.0 M NaCl solution in an anaerobic chamber for 63 days. The red boxes in the SEM
image denote the location of EDX area analyses.
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5.3.3 Micro-CT Analysis of Corrosion Damage
5.3.3.1 Deaerated Conditions
The image slices from the laboratory-based and synchrotron micro-CT data (to be
discussed below) are shown in greyscale; the areas in the images corresponding to Cu are
the lightest shade of grey, areas corresponding to steel are the second lightest, and lowdensity regions are the darkest grey. Corrosion products appear as a mix of dark grey
shades since they are non-uniform in density and lower in density than steel.
Additionally, dark locations within the bulk of the cold spray coatings and small dark
grey patches at the Cu/steel interface are voids; the larger spots of dark grey at the
Cu/steel interface are low density-particles (alumina) left behind by the grit blasting used
to prepare the steel surface prior to applying the cold spray Cu coating. Only large voids
are seen in the laboratory-based micro-CT images because of the lower resolution
compared to synchrotron-based micro-CT. The layer of epoxy appears as a mottled layer
on the outer surface of the samples. The stripes of medium and light grey in the
horizontal image slices of the ED Cu/steel samples are from the machining grooves that
were left on the steel prior to the application of the ED Cu coating.
The laboratory-based micro-CT image slices from a cold spray Cu-coated steel sample
exposed to Ar-sparged 3.0 M NaCl solution, Figure 5.14, show that, even after being
exposed for 72 days, the steel at the base of the through-Cu coating defect corroded
significantly less than in the presence of O2 (e.g., Chapter 3, Figure 3.10 and Figure
3.11). A thin layer of corrosion products is visible on the steel (highlighted in red) and the
vertical image slices, Figure 5.14(a and b) show the increase in the volume at the base of
the defect due to steel dissolution. Corrosion may have propagated a short distance along
the Cu/steel interface, based on the corrosion damage that extends outward from the
lower left quarter of the defect in the horizontal image slice, Figure 5.14(c). It is difficult
to be certain because the resolution of the images is 3.15 µm, so corrosion damage can be
obscured if it is thinner than this. Cu has not been visibly damaged.
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Figure 5.14: Laboratory-based micro-CT vertical (a and b) and horizontal (c) image slices
and a volume image (d) of a CS-1 Cu/steel sample exposed for 72 days in an Ar-sparged
3.0 M NaCl solution. The corrosion products deposited at the base of the defect are
highlighted in red in (a) and (c). The electrochemical data from this specimen are shown
in Figure 5.5(a).
An additional Ar-sparged experiment was conducted with a 2 mm–diameter sample.
Synchrotron micro-CT was used to image the specimen after corrosion, providing a more
detailed look at the corrosion damage due to the increase in resolution to 0.87 µm. The
synchrotron micro-CT image slices, Figure 5.15, show that the steel has sustained a small
amount of corrosion damage, although corrosion has propagated along the Cu/steel
interface to a maximum distance of ~155 µm from the defect. The corrosion products
deposited at the base of the defect are highlighted in red. The interfacial corrosion
damage and roughening of steel at the base of the defect is evident in the image of the
corroded volume at the base of the defect, shown in orange in the inset in Figure 5.15.
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Figure 5.15: Synchrotron micro-CT vertical (top) and horizontal (bottom) image slices of
a CS-1 Cu/steel sample exposed for 50 days in an Ar-sparged 3.0 M NaCl solution. The
corrosion products that deposited at the base of the defect are highlighted in red in the
vertical image slice. The inset shows the volume of low-density space at the base of the
defect, which includes the regions of corroded steel and the corrosion products. The
electrochemical data from this specimen are shown in Figure 5.5(b).
5.3.3.2 Anoxic Conditions
While trace O2 is expected in Ar-sparged solution, experiments conducted in an
anaerobic chamber, where the atmosphere contains sub-ppm levels of O2, are expected to
contain a negligible amount of dissolved O2 in solution and be truly anoxic. The
synchrotron micro-CT images, Figure 5.16 and Figure 5.17, show that only a small
amount of corrosion damage has occurred on H-T CS-2 Cu/steel and ED Cu/steel
samples exposed to 3.0 M NaCl solution in an anaerobic chamber. The corresponding
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electrochemical data for these samples are shown in Figure 5.6. The images in the top
row of Figure 5.16 show the volume of the defect and the corrosion damage into steel,
with Cu and steel transparent.
Corrosion in the absence of O2 is slow, based on the small amount of damage sustained,
but some propagation along the Cu/steel interface is still observed, as shown in the
micro-CT image slices by the dark region extending from the defect. The horizontal
image slices show that the corrosion at the H-T CS-2 Cu/steel interface propagated
somewhat radially out from the simulated defect, bottom row in Figure 5.16, while it
propagated preferentially in the direction of the machining grooves at the ED Cu/steel
interface, bottom row in Figure 5.17. The volume images of the corrosion damage on
H-T CS-2 Cu/steel, top row of Figure 5.16, also show how corrosion has propagated
radially from the defect. The specific locations at the H-T CS-2 Cu/steel interface where
corrosion has propagated further may be locations where the Cu is less well-adhered to
the steel and where voids are present. Compared to ED Cu/steel, the overall greater extent
of corrosion along the H-T CS-2 Cu/steel interface is likely a consequence of the higher
degree of residual stress and roughness and lower adhesion at this interface [15,51–53],
as discussed in Chapter 3, section 3.3.4.
The increase in Eg that was observed for the ED Cu/steel sample exposed for 63 days,
dark blue line in Figure 5.6, may be related to the pit-like feature extending into steel at
the base of the defect that is visible in the micro-CT vertical image slice of this sample,
Figure 5.17(c). No other specimens exposed to anoxic conditions displayed such a
feature, nor an increase in Eg to potentials as high, −0.60 VSCE, as this specimen. Pitting is
not anticipated at these potentials, so this feature may be the result of an inclusion in the
steel acting as a catalytic site for H2O reduction.
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Figure 5.16: Synchrotron micro-CT volume images (top row), vertical image slices
(middle row), and horizontal image slices at the Cu/steel interface (bottom row) of H-T
CS-2 Cu-coated steel samples exposed to 3.0 M NaCl solution in a three-compartment
electrochemical cell in an anaerobic chamber for (a) 11 days, (b) 26 days, and (c) 63
days. The [O2] in the anaerobic chamber used for (a) and (b) was <1 ppm, and <0.1 ppm
in the anaerobic chamber used for (c). The electrochemical data for these samples are
shown in Figure 5.6 in shades of pink.
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Figure 5.17: Synchrotron micro-CT vertical image slices (top row) and horizontal image
slices at the Cu/steel interface (bottom row) of ED Cu-coated steel samples exposed to
3.0 M NaCl solution in a three-compartment electrochemical cell in an anaerobic
chamber for (a) 11 days, (b) 26 days, and (c) 63 days. The [O2] in the anaerobic chamber
used for (a) and (b) was <1 ppm, and <0.1 ppm in the anaerobic chamber used for (c).
The electrochemical data for these samples are shown in Figure 5.6 in shades of blue.
Previous studies of carbon steel corrosion in 5.00 M NaCl solution sparged with Ar [33]
and 4.77 M NaCl in an anaerobic chamber (anoxic conditions) [22] concluded that the
oxide film was thicker and more protective in Ar-sparged conditions, where there was
trace dissolved O2. To compare with the reported results, the thickness of the corrosion
products on steel at the base of defects through CS-1 and H-T CS-2 coatings was
measured. The thickness was determined using the minimum and maximum values
measured from a number of image slices across the entire diameter of the defect. The
thickness of the oxide is 10–30 µm on a H-T CS-2 Cu/steel sample exposed to 3.0 M
NaCl solution in an anaerobic chamber for 63 days, Figure 5.18(a), and 13–28 µm on a
CS-1 Cu/steel sample exposed to Ar-sparged 3.0 M NaCl solution for 50 days, Figure
5.18(b). Figure 5.18(a) and (b) are portions of the vertical image slices in Figure 5.16(c)
and Figure 5.15, respectively, magnified to show the corrosion product layer on steel.
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Corrosion products appear as a mix of dark grey shades since they are non-uniform in
density and lower in density than steel.
The similarity in the thicknesses is in agreement with the electrochemical results that
show Eg values are in the same range in both Ar-sparged conditions and in an anaerobic
chamber. The Rp values in Ar-sparged conditions (~1000 Ω·cm2) were lower than in an
anaerobic chamber (~28 000 Ω·cm2 and ~67 000 Ω·cm2 for H-T CS-2 Cu/steel and ED
Cu/steel, respectively). Considering that the sample exposed in an anaerobic chamber
corroded for 13 days longer than the sample in Ar-sparged conditions, but has
approximately the same thickness of corrosion product film, suggests that the corrosion
rate is slightly lower, which is in agreement with the higher Rp values in an anaerobic
chamber.

Figure 5.18: Synchrotron micro-CT vertical image slices showing the corrosion product
film on (a) a H-T CS-2 Cu/steel sample exposed to 3.0 M NaCl solution in an anaerobic
chamber for 63 days and (b) a CS-1 Cu/steel sample exposed to Ar-sparged 3.0 M NaCl
solution for 50 days. The entire micro-CT image slices for (a) and (b) are shown in
Figure 5.16(c) and Figure 5.15, respectively.
5.3.3.3 Exposure Studies
Exposure studies were also performed to investigate the long-term corrosion behaviour of
defective Cu-coated carbon steel in dependably O2-free conditions, without the risk of O2
ingress. In these experiments, Cu/steel specimens were epoxied into the base of a glass
vial (3.5 mL capacity), Figure 5.4, which was then transferred into the anaerobic
chamber, filled with 3.0 M NaCl solution, and sealed using the screw-on cap with several
layers of parafilm wrapped around it. The synchrotron micro-CT image slices for a H-T
CS-2 Cu/steel sample and an ED Cu/steel sample exposed to these conditions for 60
weeks are shown in Figure 5.19. These specimens were imaged while still in the sealed
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vials so that they could be imaged again after even longer exposure (e.g. after 2 years).
The locations highlighted in red on the vertical micro-CT image slices indicate where
steel has corroded.

Figure 5.19: Synchrotron micro-CT vertical image slices (top row) and horizontal image
slices at the Cu/steel interface (bottom row) of (a) H-T CS-2 Cu-coated steel and (b) ED
Cu-coated steel samples exposed to 3.0 M NaCl solution in sealed glass vials in an
anaerobic chamber (<0.1 ppm O2) for 60 weeks. The corrosion damage at the base of the
defect is highlighted in red in the vertical image slices.
Comparing the damage on these exposure samples (Figure 5.19) to that on the samples
exposed in three-compartment electrochemical cells in an anaerobic chamber (Figure
5.16 and Figure 5.17), the distribution of damage along the Cu/steel interface and into
steel is the same. Both show a somewhat radial spread of corrosion from the defect along
the H-T CS-2 Cu/steel interface and preferential propagation of corrosion in the direction
of machining along the ED Cu/steel interface. However, the overall extent of corrosion
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damage over 60 weeks, Figure 5.19, appears to be similar to or less than that on the
samples corroded for considerably less time (up to 63 days (9 weeks)) in the same
conditions (3.0 M NaCl solution in an anaerobic chamber), but in three-compartment
electrochemical cells rather than sealed vials, Figure 5.16 and Figure 5.17. This suggests
that there is a difference between these two exposure conditions that affects the extent of
corrosion damage. Alternatively, this could suggest that corrosion does not progress
significantly beyond the initial exposure period, indicating that the initially-formed oxide
on the steel surface is protective.
Corrosion products have formed a thick layer on the H-T CS-2 Cu/steel specimen, as
seen by the lighter shade of dark grey at the base of the defect, Figure 5.19(a). A thick
layer of corrosion products is not seen on the ED Cu/steel sample, Figure 5.19(b).
5.3.3.4 Corrosion Damage Measurements
The corrosion damage volumes, Figure 5.20(a) and (b), and penetration depths into steel,
Figure 5.20(c) and (d), confirm that the rate of corrosion is considerably lower in anoxic
conditions than in oxygenated and aerated conditions (0.0028–0.091 mm3 and up to
185 µm deep in ~40 h, Chapters 3 and 4), which is consistent with the results from
electrochemical measurements. The depths of corrosion penetration into steel, Figure
5.20(c) and (d), were determined based on the difference between the locations of the
bottom plane of the defect in the micro-CT data recorded before and after corrosion. The
increase in the damage volumes and penetration depths into steel over time are not linear,
but rather the corrosion rate decreases over time. This behaviour has been observed
previously and has been attributed to the formation of a corrosion product film, composed
of magnetite (Fe3O4) [7,8,54].
Comparing the damage volume over time for all of the samples corroded in anoxic
conditions, Figure 5.20(a) and (b), shows that there is consistently less corrosion damage
to steel on ED Cu/steel samples than on the H-T CS-2 Cu/steel samples—0.0028 mm3
less on average. This suggests that ED Cu/steel is less reactive in the absence of O2. This
is in agreement with the electrochemical measurements from ED Cu/steel that show
generally lower Eg values and higher Rp values (albeit the Rp values are likely dominated
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by the response from Cu). The difference in corrosion damage volumes is not due to a
cathode-to-anode (Cu-to-steel) area ratio effect, as the area ratios were not consistently
larger on the H-T CS-2 Cu/steel samples than on the ED Cu/steel samples. The more
extensive damage on H-T CS-2 Cu/steel samples is generally accumulated by more
extensive corrosion propagation along the interface, although on samples with much
larger damage volumes, corrosion also penetrated deeper into the steel.
In the presence of O2, the anodic and cathodic reactions are separated, with Fe oxidation
occurring on the steel surface and O2 reduction on the Cu surface, while in the absence of
O2, both the anodic and cathodic reactions occur on the steel surface. This suggests that
the difference in reactivity under anoxic conditions is related to the properties of the steel
at the base of the defect. The steel coated with cold spray Cu is more deformed and
stressed, and therefore more reactive at the Cu/steel interface compared to steel coated
with electrodeposited Cu. However, the damage incurred by the cold spray deposition
process should only penetrate to a limited depth, beyond which the bulk steel properties
should not be much different than those of the electrodeposited interface. This implies
that any differences in corrosion rates should not affect the rate of penetration into steel
beyond a certain depth. However, this would not be the case along the interface. This is
consistent with the observations for the H-T CS-2 Cu/steel specimens, which accumulate
damage primarily along the Cu/steel interface and, despite larger damage volumes, have
similar penetration depths into steel compared to ED Cu/steel specimens.
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Figure 5.20: (a)–(b) measured volume of steel corroded at the base of a through-coating
defect and (c)–(d) measured depth of corrosion penetration into steel at the base of a
through-coating defect on samples exposed to 3.0 M NaCl in anoxic conditions in (a and
c) three-compartment electrochemical cells and (b and d) sealed screw-cap glass vials.
The pink symbols represent H-T CS-2 Cu/steel samples and the blue symbols represent
ED Cu/steel samples; different symbol shapes represent different samples. The error bars
represent the uncertainty in the segmented volumes and depth measurements, which is a
result of the lower resolution of the laboratory-based micro-CT data used to determine
the original, uncorroded volume at the base of the defect. The micro-CT images
corresponding to each of the samples in (a) and (c) and the 60-week samples in (b) and
(d) are shown in Figure 5.16, Figure 5.17, and Figure 5.19.
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There is less damage on the H-T CS-2 Cu/steel samples exposed in sealed vials than on
those exposed in three-compartment electrochemical cells, which could be due to the
difference in solution volumes. The electrochemical cells contained ~600 mL of solution,
while the vials contained ~3.5 mL. Therefore, any effects of dissolved ions in solution
would occur more readily in the vials. For instance, the solubility limit of FeII would be
reached more readily in the vials, resulting in oxide (magnetite) forming on the steel
surface more readily, which would supress corrosion [55,56]. Another possibility is that
H2 produced from H2O reduction accumulates to a higher pressure in the vials, since they
are sealed with a cap and have a smaller volume, whereas the electrochemical cells are
sealed with Parafilm and are larger in volume. A higher partial pressure of H2 would
supress the H2O reduction according to Le Chatelier’s principle, since this reaction is
reversible, and according to the Nernst Equation, since this would change the equilibrium
potential and therefore the driving force for the reaction. ED Cu/steel specimens exposed
in electrochemical cells do not experience more corrosion damage than those in vials,
which could be explained by lower reactivity of this material in the absence of O2.
Regarding the damage to ED samples exposed in sealed vials (blue symbols in Figure
5.20(b)), the sample imaged at 2 and 28 weeks exhibits a slightly higher degree of
damage at 28 weeks than does the sample imaged at 60 weeks. This could be due to local
differences in the Cu-coated steel plate from which these samples were cut. It could also
be because the sample imaged at 2 and 28 weeks was removed from the anaerobic
chamber for imaging at 2 weeks, at which point a small amount of O2 could have diffused
through the Parafilm and leaked into the vial. However, the H-T CS-2 Cu/steel sample
imaged at 2 and 28 weeks does not show a higher degree of damage at 28 weeks than
does the sample imaged at 60 weeks, even though it was also removed from the anaerobic
chamber at 2 weeks for imaging.
Overall, in anoxic conditions, the corrosion damage volume measurements show that the
rate of steel corrosion is low, decreases over time, and H-T CS-2 Cu/steel specimens
exhibit a greater volume of damage than ED Cu/steel.
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The depth of corrosion penetration into steel over time on Cu-coated carbon steel samples
corroded under anoxic conditions, Figure 5.20(c) and (d), depends on the distribution of
damage. As seen in the micro-CT image slices of Cu-coated carbon steel samples
corroded under anoxic conditions, Figure 5.16, Figure 5.17, and Figure 5.19, the extent of
corrosion along the Cu/steel interface was greater on H-T CS-2 Cu/steel than on ED
Cu/steel. Correspondingly, the depth of corrosion penetration into the steel on H-T CS-2
Cu/steel samples was less than on ED Cu/steel samples that had similar volumes of
corrosion damage, weeks 2 and 28 in Figure 5.20(d). The H-T CS-2 Cu/steel samples that
showed a greater corrosion depth than the ED Cu/steel samples also showed a much
larger corrosion volume. This confirms that, for a given corrosion volume, the depth of
corrosion penetration is less and the propagation of corrosion along the Cu/steel interface
is greater on H-T CS-2 Cu/steel.
The depths of penetration, Figure 5.20(c) and (d), when converted to penetration rates,
show that the corrosion rates are greater (by at least 1.4–14 times) than those measured
on uncoupled carbon steel, which range from 1 µm/a to 10 µm/a at ambient temperature,
in neutral chloride-containing solution in the absence of O2 [2–6]. The depths of
corrosion penetration increase less over time, which is expected considering that as the
damage volume increases, the damage can spread over a larger surface area, providing it
is not inhibited by corrosion products. However, the increases in both the corrosion
damage volumes, Figure 5.20(a) and (b), and the depths of corrosion penetration, Figure
5.20(c) and (d), tend to decrease over time, which suggests that the corrosion rate will
continue to decrease over longer exposures.
Possible explanations for the higher corrosion rates observed in this study include (i) the
presence of air-formed oxides, as samples were not cathodically cleaned, (ii) the
specimens have not corroded long enough to have reached long-term steady-state
corrosion rates, and (iii) in the presence of trace O2 (Ar-sparged conditions), where the
anode (steel) and the cathode are separated, the nature of the geometry of a throughcoating defect (3 mm deep, 0.5 mm in diameter) could result in more aggressive local
chemistry developing within the defect (e.g., higher [Cl−] due to migration into the
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defect). This third explanation does not apply to fully anoxic conditions, where the anode
and cathode are not separated.

5.4

Summary and Conclusions

The corrosion of Cu-coated carbon steel at a through-coating defect exposed to 3.0 M
NaCl solution in deaerated and anoxic conditions was investigated using electrochemical
measurements, micro-CT, Raman spectroscopy, and SEM/EDX. Electrochemical
measurements (Eg and Rp) of specimens corroded over 11 to 72 days and micro-CT
imaging of specimens corroded over 2–60 weeks demonstrate that the corrosion rate is
significantly lower than in oxygenated and aerated conditions. SEM/EDX and Raman
spectroscopic analyses show Fe corrosion product deposits and a mix of Cu2O and CuO
on the Cu surface. In Ar-sparged conditions, the presence of trace O2 results in the
formation of FeIII corrosion products, which were identified as β-FeOOH and possibly
α-FeOOH.
Micro-CT shows that steel exposed at the base of a through-Cu coating defect corrodes
and becomes covered by corrosion products, while there is no visible loss of Cu. The
corrosion rate tends to decrease over time, which is attributed to the protective corrosion
product film, likely composed of magnetite, that forms on steel. The extent of corrosion
is considerably smaller than in oxygenated and aerated conditions, and the distribution of
damage depends on the properties of the Cu/steel interface. In the Cu-coated steel batches
tested, H-T CS-2 Cu/steel exhibited more corrosion damage, more extensive interfacial
corrosion, and comparable corrosion penetration depths than did ED Cu/steel, which
suggests that ED Cu/steel is less reactive in the absence of O2. This behaviour also
indicates that in anoxic conditions, the propagation of corrosion is dictated by the
properties of steel at the base of a defect. The corrosion penetration depths into steel,
although significantly smaller than in the presence of O2, are larger than the corrosion
rates reported in literature for uncoupled carbon steel.
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Chapter 6
Influence of Area Ratio and Chloride Concentration on
the Galvanic Coupling of Copper and Carbon Steel2
6.1

Introduction

Canada’s plan for the permanent disposal of used nuclear fuel involves sealing the used
fuel bundles in Cu-coated carbon steel containers and placing them in a multi-barrier
system in a deep geological repository (DGR) [1–4]. The Cu coating (~3 mm thick)
provides corrosion protection, while the carbon steel inner vessel provides the necessary
mechanical strength. In the unlikely event that a through-coating defect goes undetected
and the underlying carbon steel is exposed to groundwater, galvanic corrosion could
occur. Cu, being more noble, would act as the cathode (with O2 reduction as the primary
cathodic reaction), while carbon steel would experience accelerated corrosion as the
anode (Fe oxidation) [5–9]. It is judicious to evaluate what would happen in such a
scenario. In general, the extent of galvanic coupling will depend on the properties of the
materials, their geometry relative to one another, and the exposure environment. In the
context of the Cu-coated carbon steel containers, the critical factors are the amount of O2
available, the cathode:anode area ratio and the composition of the groundwater (which
may be modified by radiolysis products and by the clay barrier that will be present at the
container surface in a DGR). The concern is that if a through-coating defect were to go
undetected during inspection of the container, a small exposed area of carbon steel would
be surrounded by a large area of Cu, which could result in an extremely high current
density (and corrosion rate) on the exposed carbon steel. However, the distance over
which the carbon steel anode can couple to the Cu cathode will depend on the dissolved
[O2], the O2 diffusion coefficient, and the conductivity of the environment (an electrolyte
must be present for any galvanic corrosion to occur). The amount of O2 available to drive
corrosion will also depend on how much is consumed by other oxidation processes in a

2A version of this chapter has been published as: T.E. Standish, L.J. Braithwaite, D.W. Shoesmith, J.J.

Noël, Influence of Area Ratio and Chloride Concentration on the Galvanic Coupling of Copper and Carbon
Steel, J. Electrochem. Soc. 166 (2019) C3448–C3455.
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DGR. In addition, the transport of species to the container surface will be limited by the
surrounding clay barrier and by corrosion products that may form, which will further
limit the corrosion rate.
Chapters 3, 4, and 5 presented the results from studies of Cu-coated carbon steel samples
with a simulated through-coating defect exposed to 3.0 M NaCl solution, where corrosion
damage was monitored and characterized using X-ray micro-computed tomography
(micro-CT) and electrochemical and surface analysis techniques. While these studies are
essential for evaluating the extent of corrosion and the damage morphology at a throughcoating defect, the galvanic current, Ig, cannot be measured when Cu is in direct contact
with carbon steel. Separating Cu and carbon steel and connecting them through a zeroresistance ammeter (ZRA) enables the measurement of Ig, which provides an additional
measure of the extent of galvanic coupling and the rate of corrosion. Several researchers
have used this configuration to investigate the galvanic coupling behaviour of Cu and
carbon steel or cast iron in a variety of exposure environments relevant to DGR
conditions [6,7,10,11]. However, there remains a need for a systematic evaluation of how
the galvanic corrosion behaviour of a Cu/steel couple will change over the range of
conditions that are possible in a DGR.
The conditions in a DGR will evolve over time from oxic, dry, and warm to anoxic, wet,
and cool, and the composition of groundwater will vary depending on the location of the
DGR. In Canada, the [Cl−] in groundwater ranges from 0 to >5 M and numerous other
solutes may also be present [12]; it is not currently known exactly how the different Cl−
concentrations will affect the galvanic corrosion between Cu and carbon steel. In
addition, it is prudent to determine how through-coating defects of different sizes (i.e.,
different cathode:anode area ratios) would affect corrosion. One previous study evaluated
Cu/mild steel couples with area ratios of 10:1, 1:1, and 1:10 in aerated seawater [13], but
the dependence of galvanic corrosion on a wider range of Cu/steel area ratios remains
unknown. The effective cathode:anode area ratio under DGR conditions may also be
influenced by the conductivity of the groundwater and the effects of the consolidated
porous medium (bentonite clay) in contact with container surfaces, both of which could
be considered in the context of “throwing power” around the defect. Higher temperatures
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may accelerate the corrosion processes but will also decrease the solubility of O2.
Although this factor is not considered in the present study, it has been researched
previously for Cu/cast iron and Cu/steel couples in deaerated environments [6,7].
In this study, we manipulated a selection of the aforementioned conditions, specifically
the [O2], [Cl−], and Cu:steel area ratio, to investigate their individual and combined
influences on the galvanic corrosion behaviour of carbon steel coupled to Cu. To reflect
the geometry of a through-coating defect and to minimize the influence of asymmetrical
geometry on the results, the electrodes were designed such that a cylinder of steel was
situated inside a ring of Cu as they were immersed together in an electrolyte. The two
electrodes were insulated from being in direct contact with one another but were
electrically connected through a ZRA. The galvanic current, Ig, and galvanic potential,
Eg, were monitored and the surface damage and corrosion products were characterized
using scanning electron microscopy (SEM)/energy dispersive X-ray spectroscopy (EDX)
and Raman spectroscopy.

6.2

Experimental

Experiments were conducted using A516 Grade 70 carbon steel provided by the Nuclear
Waste Management Organization (NWMO) and P-doped (30–100 ppm), O-free Cu
provided by the Swedish Nuclear Fuel and Waste Management Co. (SKB). The steel was
cut into cylindrical electrodes of varying diameter and the Cu was cut into rings of
varying outer and inner diameter. After the electrodes were wet-ground to a P1200 finish
with SiC paper, a wire was soldered onto the back side of each of the electrodes, PTFE
heat-shrink tubing was applied to insulate the wire, and the electrodes were sonicated in
methanol. Three layers of Amercoat epoxy paint (PPG Protective & Marine Coatings)
were applied to the electrodes, leaving the top surface exposed, and each coat was cured
at 60 °C for 24 h. The exposed electrode surface was wet-ground to a P2500 finish with
SiC paper and sonicated in methanol prior to beginning each experiment. The surface
area of the steel electrodes ranged from 0.004 to 1.0 cm2 and those of the Cu rings were
1.0 and 10.0 cm2. By varying the size combination of the Cu and steel electrodes,
Cu:steel area ratios ranging from 1:1 to ~2500:1 were achieved.

169

As illustrated in Figure 6.1, the cylindrical carbon steel electrode was placed in the center
of the Cu ring to reduce geometrical influences on the galvanic corrosion measurements,
and the electrodes were immersed in an Ar- or air-sparged NaCl solution (concentration
ranging from 0.001 to 3.0 M) in a three-compartment electrochemical cell. The solution
was prepared with reagent grade NaCl (Fisher Scientific) and ultrapure water from a
Thermo Scientific Barnstead Nanopure water purification system set to yield a resistivity
of 18.2 MΩ·cm. The solution was sparged with either ultra high purity Ar (PRAXAIR)
for ~60 minutes or medical grade air (PRAXAIR) for ~30 minutes before starting each
experiment, and sparging continued throughout the experiment.

Cu

Carbon
Steel

Figure 6.1: Illustration of the electrochemical cell and electrode design.
The steel and Cu electrodes were connected through a ZRA (Keithley 6514 system
electrometer with National Instruments LabVIEW software written in-house), enabling
the measurement the galvanic current, Ig, flowing between them. The galvanic current
density, ig, was calculated by dividing the steady-state Ig by the surface area of the steel.
The potential of the couple, Eg, was monitored using a potentiostat (Solartron Model
1480 Multistat with CorrWare software) which was connected to the steel electrode and a
saturated calomel reference electrode (SCE). Each experiment was terminated when Eg
and Ig reached steady-state conditions. Couples with Cu:steel area ratios of 1:1 and 10:1
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tended to take longer to reach steady-state, 2–7 days, while the couples with larger area
ratios stabilized more quickly; 100:1 couples were stable after ~30 h (although periodic
fluctuations were still observed) and couples ≥500:1 were stable within 4–20 h. After
each experiment ended, the electrodes were removed from solution, rinsed with ultrapure
water (taking care not to disturb the corrosion products), and stored in an anaerobic
chamber.
Potentiodynamic polarization curves were recorded on uncoupled Cu and steel electrodes
by scanning −0.550 V and +0.250 V, respectively, from the corrosion potential (Ecorr) at a
scan rate of 10 mV/min, using Pt foil as the counter electrode. The polarizations were
initiated once Ecorr reached steady-state.
Surface analysis was performed at Surface Science Western using SEM/EDX (Hitachi
SU3500 Variable Pressure SEM combined with an Oxford AZtec X-Max50 SDD X-ray
analyzer) and Raman spectroscopy (Renishaw InVia Reflex Raman Spectrometer with a
633 nm laser wavelength). The laser beam was focused using an optical microscope with
a 50× objective lens, resulting in ~1 µm spatial resolution.

6.3

Results

6.3.1 Electrochemical Measurements
The potentiodynamic polarization curves for carbon steel and Cu exposed to air-sparged
3.0 M and 0.1 M NaCl solutions are shown in Figure 6.2. For both conditions, the anodic
branch (corresponding to the oxidation of Fe to Fe2+) is shown for steel, and the cathodic
branch (corresponding to the reduction of O2) is shown for Cu. The intersection point
between the anodic and cathodic branches provides an estimate of the galvanic current
density (ig) and the galvanic potential (Eg) that Cu and steel will adopt once they are
coupled together. The intersection point of the two branches occurs at 48 µA/cm2 and
−0.644 VSCE in 3.0 M NaCl solution and at 140 μA/cm2 and −0.630 VSCE in 0.1 M NaCl
solution. These values are valid for a 1:1 Cu:steel area ratio, as the points of intersection
will change depending on the relative areas of Cu and steel. Decreasing the concentration
from 3.0 M to 0.1 M NaCl results in a substantial increase in the current response and
Ecorr of Cu, but almost no change in the polarization behaviour of steel. In both
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conditions, Cu is polarized far from its Ecorr indicating that O2 reduction on Cu is the ratedetermining reaction.

Figure 6.2: Potentiodynamic polarization behaviour of carbon steel and Cu exposed to
air-sparged (a) 3.0 M and (b) 0.1 M NaCl solutions.
Plotting the measured ig and Eg of Cu/steel couples exposed to 0.1 M and 3.0 M NaCl
solutions sparged with either air or Ar, as a function of Cu:steel area ratio, Figure 6.3,
shows the influence of [O2], area ratio, and [Cl−]. In Ar-sparged 3.0 M NaCl solutions, ig
and Eg are significantly lower than in aerated solutions, and increasing the Cu:steel area
ratio from 1:1 to 100:1 has a minor effect on ig and Eg; ig increases from 2.0 to
4.6 μA/cm2 and Eg increases by 30 mV. In comparison, in air-sparged conditions,
increasing the Cu:steel area ratio from 1:1 to 100:1 significantly affects ig and Eg; ig
increases ~100-fold and Eg increases by 100−200 mV. Overall, as the Cu:steel area ratio
increases in the presence of O2, both ig and Eg tend to increase, although there is some
deviation from this behaviour at the largest area ratios. The value of ig is ~30 μA/cm2 at a
1:1 area ratio and increases in proportion to the area ratio at approximately the same rate
in both 0.1 M and 3.0 M NaCl solutions. Eg is initially between −0.666 VSCE and
−0.677 VSCE at the smallest area ratio and rises at a slightly faster rate in 0.1 M NaCl
solution than it does in 3.0 M solution. At the largest area ratios, Eg is −0.313 VSCE and
−0.422 VSCE in 0.1 M and 3.0 M NaCl solutions, respectively. To provide a basis for
comparison, the corrosion potential, Ecorr, of an uncoupled carbon steel specimen was
measured in aerated 3.0 M and 0.1 M NaCl solutions; the steady-state Ecorr values were
−0.687 VSCE and −0.655 VSCE, respectively.
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Decreasing the [Cl−] from 3.0 M to 0.1 M tends to result in an increase in ig and Eg for a
given area ratio; ig as much as doubles, although for area ratios of 100:1 and ~1000:1 ig
remains almost the same. The difference between Eg values in 3.0 M and 0.1 M NaCl
solutions is only 11 mV at the 1:1 area ratio, but grows to over 100 mV at the largest area
ratios. Further decreasing the [Cl−] to 10 mM and 1 mM results in a decrease in ig and an
increase in Eg, as seen in the plots of ig and Eg vs [Cl−], Figure 6.4. In addition, at lower
[Cl−] (10 mM), the difference between the ig of the 100:1 and 10:1 couples diminishes,
and at the lowest [Cl−] (1 mM), there is almost no difference between the ig of couples
with the two area ratios.

Figure 6.3: Galvanic current density (ig) and galvanic potential (Eg) of Cu/steel couples
exposed to 0.1 M and 3.0 M NaCl solutions sparged with either air or Ar, as a function of
Cu:steel area ratio (normalized so steel = 1).

Figure 6.4: ig and Eg for 100:1 and 10:1 Cu:steel couples exposed to NaCl solutions
ranging from 1 mM to 3.0 M.
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6.3.2 Surface Analyses
SEM/EDX analysis of the carbon steel samples corroded in Ar-sparged solutions shows
some damage to the surface and almost no deposition of corrosion products. The damage
is a combination of uniform corrosion (with some preferential corrosion of certain grains)
and pit-like features, some of which are centered around particles that typically have
higher Al and O contents, and sometimes higher S and Cu contents, than the surrounding
steel, according to EDX, Figure 6.5. Looking at the surface under higher magnification
by SEM, Figure 6.6, shows that certain grains experienced uniform corrosion, while
others appear raised and have a lamellar structure. EDX mapping shows that these raised
grains have a higher carbon content than the surrounding area, Figure 6.5(a) and Figure
6.5(e), and the Raman spectra from these grains, spectra 1 and 2 in Figure 6.7, show a
very broad band between ~1300 and 1600 cm−1, which can be attributed to residual Fe3C
[14–16]. Very broad and weak Raman bands are present below 500 cm−1 and around
700 cm−1 in some spectra, which suggests that some FeIII or FeII/FeIII oxide/oxyhydroxide
may be present on the surface.

Figure 6.5: (a) SEM image and (b-h) EDX maps recorded on carbon steel exposed to Arsparged 3.0 M NaCl solution as part of a 100:1 couple.
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Figure 6.6: SEM image recorded on the surface of a carbon steel sample exposed to Arsparged 3.0 M NaCl solution for 45 h as part of a 100:1 couple.

Figure 6.7: Raman spectra recorded on carbon steel exposed to Ar-sparged 3.0 M NaCl
solution as part of a 100:1 couple.
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Steel electrodes that were part of couples with area ratios from 1:1 to 500:1 and exposed
to air-sparged 3.0 M or 0.1 M NaCl are covered with many corrosion product deposits.
Raman spectra of the corrosion products show that they are a mix of FeIII and FeII/FeIII
oxides and oxyhydroxides; Figure 6.8 shows 5 spectra, of the 60 spectra recorded, that
exemplify the phases that are present in these corrosion product deposits. The most
frequently identified species are γ-FeOOH, based on the series of sharp peaks below
700 cm−1, with the most intense at 252 cm−1 and the second most intense at 380 cm−1,
Figure 6.8 (spectrum 1), and γ-Fe2O3, based on the broad peak between ~665 and
730 cm−1, Figure 6.8 (spectrum 2) [17–21]. Fe3O4 and α-FeOOH are also present, based
on peaks at 670 cm−1, Figure 6.8 (spectra 3 and 4), and 385–390 cm−1, Figure 6.8
(spectrum 5), respectively, but appear less frequently [18,19]. Many of the other Raman
spectra recorded on the steel electrodes that were part of couples with area ratios from 1:1
to 500:1 and exposed to air-sparged 3.0 M or 0.1 M NaCl (not presented here) exhibit a
combination of the aforementioned peaks, indicating that the corrosion products are
composed of a mix of FeIII and FeII/FeIII oxides and oxyhydroxides. Although many FeIII
species were produced, the pH of the solution did not change significantly over the
duration of the experiment, indicating that the solution has some buffering capability.
SEM images show more severe damage to the steel surface at larger Cu:steel ratios,
Figure 6.9, and less corrosion product formation/deposition. At area ratios of 1000:1 and
greater, the species identified by Raman spectroscopy on steel are residual Fe3C and
possibly γ-Fe2O3; the signal from residual Fe3C is particularly intense on these samples,
Figure 6.10. The Fe3C signature is also seen in the Raman spectra from steel surfaces that
were part of 100:1 and 500:1 area ratio couples exposed to 3.0 M and 0.1 M NaCl.
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Figure 6.8: Representative Raman spectra recorded on carbon steel surfaces that were
exposed to air-sparged 3.0 M or 0.1 M NaCl as part of area ratios from 1:1 to 500:1.

Figure 6.9: SEM images recorded on the surface of carbon steel samples exposed to airsparged 0.1 M NaCl solution for (a) 130 h as part of a 100:1 couple and (b) 6 h as part of
a ~1000:1 couple.
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Figure 6.10: Raman spectra recorded on carbon steel electrodes from (1) ~2500:1 and
(2) ~1000:1 couples exposed to 0.1 M NaCl solution.
Raman spectra recorded on the steel electrodes from the 10:1 and 100:1 couples exposed
to 1 mM NaCl solution, Figure 6.11, show that the surface is covered in patches of
γ-FeOOH (spectra 1 and 7), Fe3O4 (spectra 2–5, 8, and 9), and γ-Fe2O3 (spectra 4–6 and
10), with traces of green rust (spectrum 11). Figure 6.11(b) shows the change in the shape
of the peak between 600 and 800 cm−1 from spectrum 2 to spectrum 6, which were
recorded in different locations on the surface. The peak in spectrum 2 and spectrum 3 is
centered at 670 cm−1, indicating that primarily Fe3O4 (ref. 667–670 cm−1 [18–21]) is
present at these locations. Spectra 4 to 6 show an increasing signal intensity around
720 cm−1, indicating that, at these different locations, the proportion of γ-Fe2O3 (ref.
~670–720 cm−1, broad peak doublet [18–21]) is greater. Green rust is a FeII-FeIII hydroxysalt and was identified based on the peaks at ~430 and 505 cm−1, spectrum 11 in Figure
6.11(c), which are attributed to Fe2+—OH and Fe3+—OH stretching modes [22–24]. The
small peak at ~218 cm−1 (ref. 219–221cm−1) is likely due to the presence of Cl− within
the green rust structure [24]. Each Raman spectrum tends to have peaks for only one, or
sometimes two, species, indicating that the corrosion products are not as homogenously

178

distribution mixed as on the steel electrodes that were part of couples exposed to higher
Cl− concentrations. Fe3O4 was identified more frequently on the steel electrodes exposed
to 1 mM NaCl solution than on those exposed to higher Cl− concentrations, suggesting
that Fe3O4 is more predominant in 1 mM NaCl.

Figure 6.11: Raman spectra recorded on carbon steel electrodes from the (a) 10:1 couple,
with (b) showing details of the peaks between 600 and 800 cm−1, and the (c) 100:1
couple, both exposed to 1 mM NaCl solution.
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On all but four of the corroded steel samples, EDX shows the presence of Cu, which
ranges from 0.6 to 28.2 wt% locally. As the [Cl−] increased, so too did the average
amount of Cu detected. In all cases, Cu is associated with the steel surface, where
corrosion products had been either dislodged or not deposited, Figure 6.12. All of the
samples on which no Cu is detected are completely covered with corrosion products, so
any underlying Cu would be obscured. Some of the Raman spectra acquired from the
corroded steel specimens also showed a very broad peak doublet between 540 and
700 cm−1 (e.g. Figure 6.7 spectrum 5). A broad peak doublet in this region (ref.
528/623 cm−1) is frequently observed in spectra recorded on Cu metal and may indicate
the presence of Cu2O [25–31]. The dominant peak of Fe3O4 (667–670 cm−1 [18–21])
could also be contributing to the higher wavenumber end of the broad peak doublet.

Figure 6.12: (a) SEM image and (b-d) EDX maps recorded on carbon steel exposed to
air-sparged 0.1 M NaCl solution as part of a 500:1 couple, illustrating the presence of Cu
on steel.
To determine the origin of the Cu, two additional experiments were performed: one in
which steel was corroded in air-sparged 0.1 M NaCl in the absence of a Cu electrode and
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another in which steel and Cu were galvanically coupled but immersed in solutions in
separate compartments that were connected by a salt bridge. In both cases, 0.3–1.4 wt%
Cu was detected on the steel surfaces by EDX after corrosion. This indicates that Cu
originating in the steel itself can accumulate on the steel surface as corrosion occurs (the
steel used has a Cu content of 0.01 wt%), however it does not account for the much
higher amounts of Cu observed on some of the steel electrodes from the galvanic
coupling experiments where Cu and steel were immersed together.

6.4

Discussion

6.4.1 Influence of O2
In the presence of O2, galvanic coupling with Cu enhances the corrosion rate of carbon
steel, based on ig measurements (Figure 6.3), which show significant current passing
between Cu as the cathode and steel as the anode, and surface analyses, which show that
steel is heavily corroded while little to no damage occurs on Cu. This behaviour is
expected, since O2 reduction on Cu is the driving force behind the galvanically
accelerated corrosion of steel. Removing the dissolved O2 removes this driving force and
there is almost no coupling between Cu and steel (some coupling occurred in the Arsparged experiments in this work, based on the non-zero ig, which was likely due to trace
dissolved O2 present in the solution). The more negative Eg values observed under Arsparged conditions are indicative of a less oxidizing environment and are consistent with
the Ecorr values of uncoupled carbon steel exposed to Ar-sparged 4.0 M NaCl solution,
−0.772 VSCE [32], and 5.0 M NaCl solution, ~−0.710 to −0.770 VSCE [16]. The minor
impact that increasing the Cu:steel area ratio has on ig and Eg in Ar-sparged conditions
compared to air-sparged conditions supports a conclusion that galvanic coupling with Cu
does not play a significant role in accelerating the corrosion of carbon steel in the absence
of O2.
Previous research has also shown that in deaerated conditions the corrosion rate of cast
iron coupled to Cu is close to the corrosion rate of uncoupled cast iron [6,10]. The
authors also noted that although the corrosion rate is initially determined by the kinetics
of the cathodic reaction (H2 evolution reaction), the corrosion rate decreases over time
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due to the corrosion product film that forms on the cast iron surface [6,10]. The lack of
corrosion products on steel exposed to Ar-sparged conditions in this study is likely due to
the short duration of the experiments (43–45 h). The raised lamellar structure (Figure 6.6)
and higher carbon content of certain grains seen by SEM/EDX, along with the Fe3C
signature between ~1300 and 1600 cm−1 in the Raman spectra from these grains, indicate
that this corrosion damage morphology is the result of preferential corrosion of the
α-ferrite bands from pearlite grains leaving behind the Fe3C bands [14–16]. This
behaviour has been seen previously on carbon steel exposed to Ar-sparged and N2sparged solutions [16,33]; Fe3C can act as a preferential cathode, thereby driving anodic
dissolution of the α-ferrite. The more uniformly corroded grains are likely α-ferrite.

6.4.2 Influence of Cathode:Anode Area Ratio
A larger Cu:steel (cathode:anode) area ratio results in a greater ig in air-sparged
conditions (Figure 6.3), which corresponds to a higher corrosion rate. At a 1:1 area ratio,
ig is ~28 μA/cm2 in 3.0 M NaCl solution and ~36 μA/cm2 in 0.1 M NaCl solution. A
similar value, 27.4 μA/cm2, was measured by Mansfeld and Kenkel on a Cu/steel couple
exposed to naturally aerated 0.6 M NaCl solution over 24 h [11]. The increase in ig with
increasing Cu:steel area ratio indicates that the galvanic corrosion rate is under cathodic
control (i.e., the galvanic corrosion rate is limited by the rate at which O2 can be reduced
on Cu), since the galvanic current, Ig, is dictated by the Cu surface area and is
independent of the steel surface area. The rate of the O2 reduction reaction is under either
diffusion or mixed control (not activation control, based the results from previous
research [34]), but additional studies are needed to determine which. Given that the net
current on the anode (Ia) and on the cathode (Ic) must be equal in magnitude at Eg, as the
area of steel decreases relative to the Cu area, the same magnitude of Ia must be
supported on a smaller area, resulting in a higher current density on steel (higher ig). This
proportional dependence of ig on the cathode:anode area ratio in aerated conditions has
been observed on other galvanic couples [35,36] and has been described mathematically
[37]. Weight loss measurements have also shown that the severity of galvanic corrosion
of mild steel increases with an increase in the Cu:steel area ratio in aerated sea water,
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although the range of area ratios in the study was limited to 10:1, 1:1, and 1:10 [13]. The
present results extend the experimental data to include larger cathode:anode area ratios.
The logarithmic increase in Eg to less negative values is consistent with the known
logarithmic relationship between Eg and cathode:anode area ratio [37–39]. At small
Cu:steel area ratios, steel is not polarized far from its corrosion potential (Ecorr), which
was −0.655 VSCE in aerated 0.1 M NaCl solution, so both oxidation and reduction
reactions can occur on the steel surface at an appreciable rate [37]. This also means that
the measured ig is smaller than the actual anodic current density on steel (which would be
equal to the sum of the cathodic currents on both Cu and steel). Increasing the Cu:steel
area ratio polarizes steel further from its Ecorr, toward the more noble Ecorr of Cu. Above
an area ratio of ~100:1, steel is most likely polarized far enough from its Ecorr such that no
appreciable reduction occurs on steel and the measured ig is equivalent to the anodic
current density [40]. The deviation from the growth trends of ig and Eg at the largest area
ratio in 3.0 M NaCl solution may be due to the anodic reaction on steel becoming
partially rate controlling.
The more severe damage seen in the SEM images as the area ratio increases (Figure 6.9)
is consistent with the higher ig values and is another indication of higher corrosion rates.
The presence of a Fe3C signature in the Raman spectra recorded on steel from couples
with area ratios ≥100:1 is indicative of corrosion of pearlite grains in the steel. The
smaller amount of corrosion products on the steel surface at greater area ratios may be
due to the shorter duration of the experiments. The higher rate of O2 consumption when
the surface area of the Cu electrode is greater may also contribute to decreasing the
deposition of corrosion products, since with less O2 available, soluble ferrous species
would not be as readily oxidized to insoluble FeIII corrosion products. In addition, if the
soluble Fe species migrate far enough from the steel surface before they are oxidized,
which can occur more easily as the steel surface area becomes smaller, the corrosion
products would not deposit onto the steel surface but would precipitate in the solution and
fall to the bottom of the electrochemical cell.
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6.4.3 Influence of [Cl−]
The higher ig and less negative Eg values in 0.1 M NaCl solution compared to those
obtained in 3.0 M NaCl solution (Figure 6.3) are in agreement with the predicted trends
in ig and Eg from the potentiodynamic polarization curves (Figure 6.2). The predicted Eg
values from the polarization results are slightly less negative (by ~35 mV) than the
measured values for a couple with a 1:1 area ratio, although the magnitude of the increase
in Eg (+14 mV) when [Cl−] is decreased from 3.0 M to 0.1 M is close to the magnitude of
the increase observed experimentally (+11 mV). The measured ig is only slightly lower
than the predicted value in 3.0 M NaCl solution (28 μA/cm2 and 48 μA/cm2,
respectively), although in 0.1 M NaCl solution, the measured ig is substantially lower
than the predicted value (36 μA/cm2 and 140 μA/cm2, respectively). This significant
difference may indicate that there are additional factors influencing the ig of the Cu/steel
galvanic couple that are not accounted for when Cu and steel are tested individually in
potentiodynamic polarization experiments, such as the conductivity of the solution and
the potential and current distributions across the galvanic couple.
The higher ig and less negative Eg values in 0.1 M NaCl solution (Figure 6.3) can be
attributed, at least in part, to the higher solubility of O2 in 0.1 M (~7.6 wt ppm at 22 °C)
[41] than in 3.0 M NaCl solution (~2.8 wt ppm at 22 °C) [42]. With more dissolved O2 in
solution, the environment is more oxidizing and, given that O2 reduction on Cu is the
rate-determining reaction, the driving force for corrosion is greater (i.e., there is more O2
available to be reduced, driving Fe oxidation), which explains the increased ig and Eg. A
higher concentration of dissolved O2 could also result in a larger [O2] gradient, which
would increase the flux of O2 to the surface and, thereby, the corrosion rate. In addition,
the diffusivity of O2 in NaCl solution increases slightly with decreasing [Cl−] [43,44],
which can also contribute to increasing the flux of O2 to the surface. O2 is ~2.7 times
more soluble in 0.1 M NaCl than in 3.0 M NaCl at 22 °C, so one would expect a
corresponding increase in ig. However, the measured ig is only 1−2 times greater in 0.1 M
NaCl, indicating that although O2 plays a critical role in determining the galvanic
corrosion rate, other factors influence ig. One such factor could be the conductivity of the
0.1 M NaCl solution, 1.07 × 104 μS/cm, which is an order of magnitude lower than that
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of 3.0 M NaCl solution, 2.05 × 105 μS/cm [45]. Lower solution conductivity can result in
less uniform current and potential distributions across the electrodes, and a higher
solution resistance (R) leads to a lower current for a given potential difference, because of
the ohmic (IR) drop [38,46].
While lowering the [Cl−] from 3.0 M to 0.1 M results in increases in ig and Eg, decreasing
it further to 10 mM and then 1 mM results in a continued increase in Eg but a decrease in
ig (Figure 6.4), indicating the rate is being controlled by the anodic reaction rate (i.e., the
Fe oxidation rate). The decreasing difference between the ig values for the 100:1 and 10:1
couples as the [Cl−] is decreased from 10 mM to 1 mM demonstrates that the
conductivity of the solution, which is 1.18 × 103 μS/cm and 124 μS/cm for 10 mM and
1 mM NaCl solutions, respectively [45], is not high enough to enable coupling between
the steel and the entire Cu area available. At these low [Cl−], even though O2 is more
soluble than at 3.0 M or 0.1 M NaCl, ig does not continue to increase, which supports the
suggestion that the low conductivity of the solution limits the distance over which O2
reduction on Cu can couple to Fe oxidation on steel (the “throwing power”). The
formation of a protective oxide on steel would explain the significant increase in Eg at
1 mM [Cl−]. The strong presence of Fe3O4 seen by Raman spectroscopy may be
indicative of partial passivation of the steel surface, since it tends to form a compact layer
that is not ionically conductive and therefore prevents oxidation of the underlying steel.
In addition, unlike other steel specimens that were part of 10:1 or 100:1 couples in higher
[Cl−] conditions, no Fe3C signature is seen in the Raman spectra for steel from the
couples in 1 mM NaCl solution, indicating that the steel surface is less damaged, which is
in agreement with SEM images and the relatively low ig and high Eg.
Overall, considering the influence of [Cl−] on the Cu/steel galvanic couple, there is a
balance between the conductivity of the solution and the O2 solubility. At very low Cl−
concentrations, the low solution conductivity restricts the distance over which steel and
Cu can couple. Increasing the [Cl−] increases the conductivity of the solution, which
allows steel to couple to a greater area of Cu and results in a greater corrosion rate.
However, increasing the [Cl−] also decreases the solubility of O2, which results in a lower
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corrosion rate. This means that the greatest galvanic corrosion rates can occur at
moderate Cl− concentrations, likely between 0.1 M and 3 M.

6.4.4 Cu Accumulation on Carbon Steel
Regarding the presence of Cu on most of the carbon steel electrodes, although up to
1.4 wt% Cu was detected on a carbon steel surface that was corroded in the absence of
Cu, the mechanism by which greater amounts of Cu, up to 28.2 wt%, accumulate is
uncertain. Thermodynamically, Cu is stable at the measured Eg values at a dissolved
[Cu(aq)]total of 1 μM. However, as [Cl−] increases and [Cu(aq)]total decreases, the
equilibrium potential between Cu and CuI chloride complexes (such as CuCl2− and
CuCl32−) decreases to close to the measured Eg values, meaning that it would be
thermodynamically possible for Cu to corrode. Dissolved Cu chloride complexes could
subsequently be reduced on steel, resulting in the observed Cu on the steel. The definite
reason for the appearance of Cu on steel has yet to be proven.

6.5

Conclusions

The impact of the degree of aeration, the cathode:anode area ratio, and the [Cl−] on the
galvanic corrosion behaviour of Cu/steel couples was assessed by monitoring the ig and
Eg of the couples and by analyzing the surface damage and corrosion products. In the
absence of O2, galvanic coupling with Cu has a negligible influence on the corrosion rate
of carbon steel. In aerated conditions, as the cathode:anode (Cu:steel) area ratio increases
from 1:1 to ~2500:1, ig, and therefore the corrosion rate of the steel, increases. ig
increases proportionally with area ratios >~10:1, while at 1:1 Cu:steel and at the highest
area ratios in 3.0 M NaCl solution, ig is lower than would be expected for a linear
relationship. The competing effects of [Cl−] and [O2] are observed when the [Cl−] is
changed; the [Cl−] influences both the conductivity and O2 solubility (as well as the O2
flux) in the solution, so the extent of galvanic corrosion can be limited by the low
solution conductivity at low [Cl−] and by the low O2 solubility and reduced O2 flux at
high [Cl−]. In relation to a used nuclear fuel container, the most damage to steel could
occur at a small through-coating defect (i.e., large cathode:anode) that is exposed to
groundwater with a moderate [Cl−], likely between 0.1 M and 3.0 M, during the initial
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oxic stage of a DGR. However, the extent of galvanic corrosion may be influenced by
other factors such as additional groundwater solutes, solution radiolysis products,
temperature, and the clay transport barrier that will be in contact with the Cu-coated
container in a DGR. These factors will be the subjects of future studies. In addition, a
finite element model of the Cu/steel galvanic couple is currently in development, which
will aid in examining the current and potential distributions in this system.
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Chapter 7
Porosity in Cold Spray Cu Coatings
7.1

Introduction

Porosity in metal coatings can be desirable or undesirable, depending on the application.
For the Cu coatings that provide corrosion protection for the inner carbon steel vessel of
Canadian used nuclear fuel containers, porosity is undesirable. Conservative estimates
suggest that only 1.27 mm of Cu is required as a corrosion allowance over 1 million years
[1,2], so the current Cu coating thickness of 3 mm (not accounting for porosity) should be
sufficient. However, porosity in the coating would reduce its effective thickness, hence
there is a need to investigate the porosity in Cu coatings.
The electrodeposition method (described in Chapter 2, section 2.1.2) can produce
coatings that are free of detectable voids [3–5], while the cold spray method is known to
produce porous coatings [6–9]. The cold spray coating process uses a high-speed gas jet
stream to accelerate solid metal powder particles (in this case Cu) towards the substrate,
Figure 7.1. Upon impact, the particles deform plastically and consolidate. Voids are
formed when there is space left between the cold spray deposited particles. The
characteristics and structure of the voids in the coating, i.e., the porosity, depends on how
the coating thickness is built up, the degree of particle deformation, and the particle
velocity [6]. Greater particle deformation and velocity generally result in less porous
coatings. The degree of particle deformation is typically greater with higher gas pressure,
smaller particle size (both of which result in greater particle velocities), and higher
temperatures [10–12]. Dense coatings, containing <1% porosity, can be fabricated using
cold spray deposited Cu [9–12].
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Figure 7.1: Schematic showing the cold spray deposition process. Modified from [13].
Post-deposition heat treatment can have a significant impact on the microstructure and
properties of cold spray Cu coatings [14]. The effect of the heat treatment depends on the
temperature and hold time. Previous studies have shown that temperatures between ~200
and 350 °C increase the bond strength and conductivity, and decrease the microhardness
of cold spray Cu coatings, and have little effect on the bulk porosity [12,14,15]. At higher
temperatures, ~500–650 °C, however, voids can coalesce as grains grow, resulting in a
smaller number of larger voids [12,14].
Metallography is conventionally used for measuring porosity, although care must be
taken in polishing the specimen to avoid smearing or other surface deformation that
would result in inaccurate measurements. In addition, this method is limited by the fact
that only one 2D plane is visible at a time, so it can be difficult to gauge the extent of
porosity through a large volume of material.
To address this issue, synchrotron X-ray micro-computed tomography (micro-CT) was
used to investigate the porosity in electrodeposited and cold spray deposited Cu coatings,
as well as in wrought Cu for comparison. Micro-CT is a non-destructive 3D imaging
technique, so no surface preparation was needed, and voids could be detected throughout
the entire volume imaged. The spatial resolution was 0.87 µm for the configuration used
in these experiments, which enabled accurate identification of voids with dimensions
greater than this size.
A method was developed to analyze the micro-CT data from cold spray Cu coatings
(porosity was undetectable in electrodeposited Cu and wrought Cu) to identify the voids
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in the coating and determine their size, distribution, and interconnectivity. These analyses
have provided insight into the coating quality and have been a valuable source of
feedback for improving the coating process. The loss of Cu coating thickness due to
porosity was also evaluated by determining the shortest path through the coating via
voids.

7.2

Experimental

7.2.1 Cu Specimens
Porosity was analyzed in 2 mm–diameter cylinders of Cu-coated carbon steel cut from
A516 grade 70 carbon steel plates Cu-coated via cold spray deposition, electrodeposition,
or both (the transition zone); details of the coating processes have been given in Chapter
2, section 2.1. Some samples were also used for corrosion experiments, and thus had a
~0.5 mm–diameter hole drilled through the 3 mm–thick coating to the Cu/steel interface.
A number of the cold spray Cu/steel specimens were heat-treated in a tube furnace at
350 °C for 1 h under Ar gas. A plate of the transition zone Cu/steel was heat-treated
under the same conditions.
For comparison, a 1.3 × 1.3 × ~10 mm3 piece of wrought Cu (P-doped (30–100 ppm),
O-free) provided by the Swedish Nuclear Fuel and Waste Management Company (SKB)
(Stockholm, Sweden) was examined for porosity. A 1.95 mm–diameter cylinder of cold
spray Cu coated on Al using an alternative cold spray process was also analyzed.
The samples from different production methods are listed in Table 7.1, along with their
abbreviated names. Figure 7.2 illustrates the general locations on the transition zone
plates from which the samples were cut.
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Table 7.1: Cu samples analyzed for porosity.
Sample Description
Sample Abbreviation
Wrought Cu
-Electrodeposited Cu on carbon steel
ED Cu/steel
Electrodeposited only portion of heat-treated transition
H-T TZ-ED-only Cu/steel
zone Cu on carbon steel
Samples coated using a less-optimized cold spray process (CS-1 coatings)
Heat-treated cold spray Cu on carbon steel (original)
H-T CS-1 Cu/steel
Samples coated using an improved cold spray process (CS-2 coatings)
Heat-treated cold spray Cu on carbon steel (coated using H-T CS-2 Cu/steel
an improved process)
Heat-treated transition zone Cu on carbon steel
H-T TZ-CS-2 Cu/steel
Cold spray only portion of heat-treated transition zone
H-T TZ-CS-2-only Cu/steel
Cu on carbon steel
Transition zone Cu on carbon steel
TZ-CS-2 Cu/steel
Cold spray only portion of transition zone Cu on carbon TZ-CS-2-only Cu/steel
steel
Samples coated using an alternative cold spray process
Cold spray Cu on Al
CS Cu/Al

Figure 7.2: Illustration of the general locations on the transition zone plates from which
samples were cut.

7.2.2 Synchrotron Micro-CT
Synchrotron micro-CT, a non-destructive 3D imaging technique, was used to image the
Cu-coated steel samples to detect porosity in the coatings. The synchrotron micro-CT
spatial resolution was 0.87 µm for the configuration used in these experiments, so voids
with dimensions greater than this size can be accurately identified and analyzed.
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A limitation of micro-CT is that voids smaller than the resolution of the images cannot be
seen. However, the percentage of porosity in the cold spray coatings analyzed in this
study does not change significantly with the absence or presence of very small voids
(<0.66 µm3). This is because the total volume these small voids contribute is insignificant
compared to the total volume of all other voids. If the coatings only contained very small
voids (on the order of the resolution of the imaging), the resolution would likely need to
be improved to obtain an accurate measure of the porosity.
Experiments were performed at the Advanced Photon Source (APS) (Argonne National
Laboratory, Argonne, IL, USA) using beamline 2-BM-A. The resulting data were
reconstructed using TomoPy, an open-sourced, Python-based framework [16]. The
reconstructed data were imported into arivis Vision4D software to visualize them in 2D
as image slices or in 3D as a volume and to analyze the void space in the Cu coatings.

7.2.3 Porosity Analysis from Micro-CT Data
The micro-CT data were analyzed using arivis Vision4D software. The analysis involved
using the Trainable Segmenter in the software to segment the void spaces in the Cu
coatings. By using the Trainable Segmenter, voids were identified based on not only their
greyscale values (voids are low-density and therefore darker than Cu and steel), but also
their features, such as edges and greyscale distribution. Segmenting creates surfaces that
define features (voids in this case) from the image data, which are then used for
quantitative measurements (e.g., volume, dimensions, etc.).
For the samples that did not have the entire Cu coating imaged, only the portion of the
coating from just above the Cu/steel interface to ~1 mm above the interface was analyzed
for porosity. The porosity at the Cu/steel interface was not analyzed due to the presence
of alumina (Al2O3) particles, which have very similar greyscale values to the voids.
Alumina is used to grit blast the surface prior to cold spray deposition of Cu. The
porosity of the transition zone samples cut from the overlapping cold
spray/electrodeposited Cu region was analyzed above the Cu/Cu interface (i.e., in the
cold spray Cu portion), again to avoid the influence of alumina particles. Voids smaller
than 0.66 µm3 were not included in the analyses, as they are only 1 voxel (0.87 × 0.87 ×
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0.87 µm3), which is difficult to differentiate from noise. The porosity (void space) was
quantified as a percentage by dividing the total void volume, which is the sum of the
volumes of all voids, by the volume of Cu.
To evaluate the impact of porosity on the effective Cu coating thickness (i.e., how much
Cu coating thickness is lost to void space), the distances between voids were calculated
using arivis Vision4D software. These distances were then used to determine the
sequence of voids that provided the shortest pathway through the Cu coating. This
shortest path provides a measure of the effective Cu coating thickness available to resist
corrosion.

7.2.4 Surface Analysis
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
were performed at Surface Science Western using a Hitachi S-4500 field emission SEM
with a Quartz XOne EDX system.

7.3

Results and Discussion

Synchrotron micro-CT imaging shows that there are no visible voids in wrought Cu,
Figure 7.3, in agreement with previous results [12], and essentially no voids in
electrodeposited (ED) Cu on steel, Figure 7.4. The only void spaces in ED Cu are thin
defects formed between a nodular growth and the uniformly grown coating and are only
seen in the top ~1 mm of the ~3 mm–thick coating. The location of one of these voids is
indicated by the boxes in Figure 7.4(a) and the voids throughout this specimen are shown
in orange in Figure 7.4(b). The largest void penetrates 345 µm through the thickness of
the Cu coating. Nodular growths are caused by Cu particles from the anode in the bath
that adhere to the Cu (cathode) surface during the electrodeposition process [17]. This did
not always occur, as demonstrated by samples produced in different batches that did not
contain voids, Figure 7.5. However, since the time of production of these ED Cu samples,
the electrodeposition procedure has been improved to eliminate the formation of nodules.
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Figure 7.3: Synchrotron micro-CT vertical (top) and horizontal (bottom) image slices of
wrought Cu. The uneven edges of the Cu specimen are due to the residual Cu left from
the cutting process.
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Figure 7.4: Synchrotron micro-CT images of ED Cu: (a) vertical (top) and horizontal
(bottom) image slices, with boxes showing the location of a void formed by the growth of
nodules, and (b) volume image showing the voids (in orange) throughout the specimen.
This specimen was used for corrosion experiments, which is why there is a ~0.5 mm–
diameter hole (defect) through the coating.
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Figure 7.5: Synchrotron micro-CT vertical image slice of H-T TZ-ED-only Cu/steel.
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Micro-CT imaging shows that Cu coatings deposited via cold spray deposition on the
other hand, contain appreciable porosity, e.g. Figure 7.6. Since the electrodeposited Cu
and wrought Cu exhibit negligible porosity, only the cold spray deposited Cu coatings
were analyzed further to identify voids and determine their size, distribution, and
interconnectivity. The loss of Cu coating thickness due to porosity was also evaluated by
determining the shortest path through the coating via voids.

Figure 7.6: Synchrotron micro-CT images of a 2 mm–diameter H-T CS-1 Cu/steel
specimen: (a) volume image, with voids shown in yellow, (b) vertical image slice, (c)
volume image only showing voids in the back half of the specimen (and voids and lowdensity particles along the Cu/steel interface), with the largest void boxed and shown in
white, (d) volume image of the largest void (y-z view), and (e) volume image of the
largest void (x-z view).
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7.3.1 Distribution of Porosity in Cold Spray Cu
Synchrotron micro-CT images of a H-T CS-1 Cu/steel specimen, Figure 7.6, show that
the voids are distributed throughout the Cu coating and there is no through-coating
interconnection between voids. The region just above the Cu/steel interface is less porous
than the rest of the coating, Figure 7.6(c), which corresponds to the bond coat layer that is
100 µm thick (maximum) (described in Chapter 2, section 2.1.1). The yellow segments at
the Cu/steel interface, below the bond coat, are low-density particles (presumably
alumina) and voids. The largest void in the portion of the coating analyzed is 564 µm
deep, 541 × 376 µm2 in the horizonal plane, with a volume of 1.11 × 106 µm3
(0.0011 mm3). As shown in Figure 7.6(d) and (e), the morphology of the voids is rough,
characterized by their formation at particle-particle boundaries. The Cu particles used to
produce CS-1 coatings have an average diameter of 42 µm. In terms of the distribution of
void sizes, there are significantly more small voids than large voids. The frequency of
occurrence decreases with increasing void size, Figure 7.7. This size distribution was also
observed in cold spray Cu coatings analyzed using metallography [9].

Figure 7.7: Distribution of void sizes per cubic millimeter in a H-T CS-1 Cu coating.
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Improvements to the cold spray procedure from CS-1 to CS-2 coatings led to fewer and
smaller voids overall, as seen in the micro-CT images of H-T CS-2 Cu/steel specimens,
Figure 7.8 and Figure 7.9, when compared to the images for the H-T CS-1 Cu/steel
specimen, Figure 7.6. The rough morphology of the voids did not change with the
improved procedure, nor did the overall distribution of void sizes (many small voids and
fewer as void size increases). Micro-CT images of the entire thickness of the Cu coating,
Figure 7.9, show that the porosity varies through the thickness of the coating. There is a
layered distribution to the porosity, which cycles between regions of greater and lesser
void density and size, Figure 7.9(a). Although only a few of these layers are visible in
Figure 7.9(a), viewing the micro-CT volume from different angles makes the other layers
visible. This layered structure is likely related to the build-up process of the cold spray
coating, which involves multiple passes of the cold spray gun over the surface being
coated until the desired coating thickness is reached.
Analyzing the porosity in sections through the thickness of the coating, Table 7.2, shows
that there is an overall decrease in the average void size and number of voids, and thus
the percentage of void space, from the top Cu surface to the Cu/steel interface. Deviations
from this trend are due to the fluctuations in void density and size with depth through the
coating. The overall decrease in the average void size and number of voids is likely due
to the compacting effect of the deposition process on the underlying coating as the
coating thickness is built up [6].
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Figure 7.8: Synchrotron micro-CT images of a 2 mm–diameter H-T CS-2 Cu/steel
specimen: (a) volume image, with voids shown in pink and (b) vertical image slice.

Figure 7.9: Synchrotron micro-CT images of a 2 mm–diameter H-T CS-2 Cu/steel
specimen, showing the entire thickness of the Cu coating: (a) volume image, with voids
shown in pink and white arrows indicating some of the layers of greater void size and
density, (b) vertical image slice, (c) horizontal image slice, and (d) magnification of the
area outlined in (c).
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Table 7.2: Analysis of porosity in a H-T CS-2 Cu coating as a function of depth from the
top Cu surface. The colour gradient from purple to blue shows the decrease from high to
low values.
Depth from top Average void Total void
Cu volume Number of Void
3
3
Cu surface (mm) size (µm )
volume (mm ) (mm3)
voids/mm3 space (%)
0.003–0.870

386

0.0168

2.204

19758

0.76

0.870–1.305

344

0.0090

1.247

20897

0.72

1.306–1.740

306

0.0076

1.247

20007

0.61

1.740–2.175

359

0.0077

1.249

17196

0.62

2.175–2.610

314

0.0062

1.251

15785

0.50

2.610–3.045

253

0.0052

1.253

16329

0.41

3.045–3.480

258

0.0049

1.253

15128

0.39

3.480–4.006

239

0.0044

1.519

12088

0.29

Entire depth

--

0.0618

11.223

17246

0.55

Samples from the cold spray Cu-only portion of the transition zone plates (H-T TZ-CS-2only and TZ-CS-2-only), Figure 7.10, show no substantial difference from the H-T CS-2
Cu coatings. There is no change in the morphology of the voids, and they are distributed
through the thickness of the coating in the same layered manner. Plotting the number of
voids and their volumes as a function of depth from the top Cu surface, Figure 7.11,
confirms that the layered distribution of porosity consists of concurrent increases and
decreases in both the void density and the size of voids. The reason for the change in the
quantity and size of voids is uncertain but may be related to changes that could occur to
the surface (such as oxidation) between the passes of cold spray Cu deposition. Figure
7.11 also shows that there is an overall decrease in the average void size and number of
voids (and, thus, the percentage of void space) from the top Cu surface to the Cu/steel
interface.
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Figure 7.10: Synchrotron micro-CT images of a 2 mm–diameter H-T TZ-CS-2-only
Cu/steel specimen, showing the entire thickness of the Cu coating: (a) volume image,
with voids shown in pink, (b) 100 µm-thick portion of the volume, and (c) vertical image
slice.
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Figure 7.11: (a) Number of voids and (b) volume of voids in a H-T TZ-CS-2-only Cu
coating as a function of depth from the Cu surface.
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Micro-CT images of H-T TZ-CS-2 and TZ-CS-2 samples, which were cut from the
portion of the transition zone plate where cold spray Cu overlaps with electrodeposited
Cu, Figure 7.12 and Figure 7.13, show that the cold spray portion of these coatings is
very similar to the other coatings produced using an improved cold spray process (H-T
CS-2, H-T TZ-CS-2-only, and TZ-CS-2-only Cu coatings). The colours of the voids in
Figure 7.12(a) correspond to their size range in Figure 7.12(d), and show that, as in the
other Cu coatings, the majority of the voids are smaller and their frequency of occurrence
decreases with increasing void size. The H-T TZ-CS-2 specimen, Figure 7.12, has a
thicker layer of electrodeposited Cu on the steel than the TZ-CS-2 specimen, Figure 7.13,
which only has a thin layer of electrodeposited Cu on the steel, such that the deformation
from grit blasting and cold spray deposition of Cu makes it difficult to distinguish the
Cu/Cu interface.
The presence of the electrodeposited Cu layer, which is the main difference between the
H-T TZ-CS-2/TZ-CS-2 samples and the H-T TZ-CS-2-only/TZ-CS-2-only samples, has a
slight influence on the overlying cold spray Cu coating, specifically the distribution of
porosity. The layered distribution of the voids is tilted such that the layers are parallel to
the electrodeposited Cu surface, Figure 7.12(a), and there is no longer a definitive overall
decrease in the void sizes and number of voids from the top Cu surface through the
thickness of the coating, Figure 7.14. The lack of decrease in the size and number of
voids could be because Cu is softer than steel, so when Cu particles are deposited on
electrodeposited Cu, they deform less than on steel, making the coating less compact
[18].
There is no detectable porosity in the electrodeposited Cu portion of the TZ samples. At
the interface between electrodeposited Cu and cold spray Cu there is only a small amount
of porosity, but there are many low-density particles trapped at this interface. Al and O
were detected from the low-density particles by EDX, Figure 7.15. This confirms that
these particles are alumina (Al2O3), which is used to grit blast the surface prior to cold
spray deposition of Cu. Due to the softness of Cu, the particles can become embedded
more easily in Cu than in steel.
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Figure 7.12: Synchrotron micro-CT images of a 2 mm–diameter H-T TZ-CS-2 Cu/steel
specimen, showing the entire thickness of the Cu coating: (a) volume image, with voids
shown in pink, yellow, and orange (colours correspond to sizes in (d)), (b) volume image
of the largest void, and (c) vertical image slice; (d) frequency of voids by size.
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Figure 7.13: Synchrotron micro-CT images of a 2 mm–diameter TZ-CS-2 Cu/steel
specimen, showing the entire thickness of the Cu coating: (a) volume image, with voids
shown in pink, (b) 100 µm–thick portion of the volume, and (c) vertical image slice.

Figure 7.14: Volume of voids in a H-T TZ-CS-2 Cu coating as a function of depth from
the Cu surface.
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Figure 7.15: SEM images and EDX maps of a cross-sectioned TZ-CS-2 Cu/steel
specimen, showing the low-density particles at two locations along the cold spray
Cu/electrodeposited Cu interface.
CS Cu on Al exhibits a finer porosity structure, Figure 7.16, than the other cold spray
coatings. The general morphology of the voids is the same: their rough shape is
characteristic of the spaces left between Cu particles that were not sufficiently deformed
upon impact on the substrate. However, the voids are considerably smaller and even the
largest voids, Figure 7.16(b) and (c), are only a fraction of the sizes seen previously,
Figure 7.6(d–e) and Figure 7.12(b). The locations of the largest voids within the CS
Cu/Al specimen are shown by the small white boxes in Figure 7.16(a). An enlarged
region of a horizontal image slice is shown, Figure 7.16(f), as the voids are difficult to
see in the image slices without magnification. The distribution of porosity fluctuates with
depth through the coating, Figure 7.16(a), as seen in the other cold spray coatings,
although the layers are not parallel with the Cu/Al interface. The plane of the Cu/Al
interface is outlined in blue in Figure 7.16(a). Table 7.3 shows the size and quantity of
voids in 0.25 mm sections of the coating thickness. The thicknesses are measured from
the Cu/Al interface because the top surface of the specimen was not imaged. The average
size of voids does not tend to decrease through the thickness of the coating, although the
number of voids per cubic millimeter does tend to decrease, Table 7.3. Both the average
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size and quantity of voids increase just above the Cu/Al interface, Table 7.3 (0.13–
0.00 mm section), which could be due to the smaller degree of particle deformation upon
impact on a soft substrate (Al). This results in less compaction of the cold spray coating
at the coating/substrate interface, compared to coatings deposited on a harder substrate
such as steel [18]. Overall, this specimen demonstrates how differences in the cold spray
process can affect the porosity substantially.

Figure 7.16: Synchrotron micro-CT images of a 1.95 mm–diameter CS Cu/Al specimen:
(a) volume image, with voids shown in orange, (b) volume image of the largest void by
dimensions, (c) volume image of the largest void by volume, (d) vertical image slice, (e)
horizontal image slice, and (f) magnification of the area outlined in (e).
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Table 7.3: Analysis of porosity in a CS Cu coating, deposited on Al, as a function of
thickness (in 0.25 mm sections) above the Cu/Al interface. The colour gradient from
purple to blue shows the decrease from high to low values.
Thickness above
Cu/Al interface Average void Number of
(mm)
size (µm3)
voids/mm3
1.88–1.83

110

25878

1.63-1.38

109

19643

1.38–1.13

114

18388

1.13–0.88

108

17956

0.88–0.63

111

18552

0.63–0.38

101

17256

0.38–0.13

110

17030

0.13–0.00

131

19783

7.3.2 Porosity Measurements
Measurements and calculations of the average void volume, number of voids per cubic
millimeter of Cu (i.e., void density), and the percentage of void space (total volume of
voids divided by the volume of Cu that would exist if there were no voids) from the
micro-CT data of the cold spray Cu coating of samples produced in different batches and
using different procedures, Figure 7.17, confirm that there are appreciable differences
depending on the cold spray procedure. The cold spray Cu coatings produced using a less
optimized procedure, H-T CS-1, exhibit the highest degree of porosity, as they have the
largest average void size, greatest number of voids, and greatest percentage of void space,
1.3  0.2%. Improving the cold spray procedure (H-T CS-2, and all four variations of TZ
samples) led to lower overall porosity, shown by the decrease in the average void size,
number of voids, and percentage of void space (to 0.4  0.1 % for H-T CS-2 and 0.28 
0.05% for TZ samples). These values are consistent with measurements based on SEM
images of cross sectioned cold spray Cu coatings fabricated using the same procedure,
which showed ~0.3  0.1% porosity [9]. A different procedure, used to cold spray deposit
Cu on an Al substrate (CS Cu/Al), resulted in the smallest average void size, but a larger
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number of voids per cubic millimeter of Cu than the CS-2 Cu coatings (H-T CS-2, and all
four variations of TZ samples).

Figure 7.17: (a) Average void volume, (b) number of voids per cubic millimeter of Cu,
and (c) the percentage of void space (total volume of voids divided by the volume of Cu)
in the cold spray Cu coating of samples produced in different batches and using different
procedures. The error bars denote the range of values from different samples from the
same Cu/steel plate.
The error bars in Figure 7.17 denote the ranges of values from different samples from the
same Cu/steel plate and indicate that there is some variability in the void size, density,
and percentage through the Cu coating at different lateral locations. In addition,
comparing the coatings fabricated using an improved cold spray process (all five CS-2
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coatings (Table 7.1)), the average void sizes, densities, and percentages of void space in
the four variations of TZ samples are equal or slightly smaller than in H-T CS-2 Cu,
Figure 7.17. This demonstrates that even without changes in the cold spray process, there
is some variability between coatings produced in different batches.
Among the TZ samples, Figure 7.17, considering the magnitude of the error bars for H-T
CS-1 and H-T CS-2, there is no definite influence of heat treatment, nor the substrate
material (electrodeposited Cu or steel) on the overall average void size, density, and
percentage of void space. A change in porosity with heat treatment at 350 °C for 1 h is
not expected, since the surface diffusion rate of Cu at this temperature is low [9]. The
calculated surface diffusion distance under these conditions is ~600 nm [9], smaller than
can be detected with the micro-CT configuration in these experiments. Although there is
no overall decrease in the sizes and number of voids through the thickness of the cold
spray coatings applied over electrodeposited Cu (H-T TZ-CS-2 and TZ-CS-2), the
percentage of porosity is in the same range as that of the CS-2-only coatings (H-T TZCS-2-only and TZ-CS-2-only). Overall, the percentage of porosity in the TZ coatings is
low, 0.23–0.33% (0.28  0.05%).
The finer porosity seen in the micro-CT images of CS Cu/Al consists of much smaller
voids (110 µm3 average volume), but more voids per cubic millimeter, Figure 7.17(a) and
(b). This combination results in a percentage of void space that is slightly lower than that
of the TZ CS-2 coatings, 0.21% compared to 0.28  0.05%. Due to the small size of the
voids, the measurements on this specimen may overestimate the average void size and
underestimate the number of voids and the percentage of porosity. The degree of
overestimation and underestimation depends on how many voids are smaller than the
micro-CT resolution of 0.87 µm. SEM of a metallographic cross section could be used to
assess whether there is a significant proportion of voids with dimensions smaller than
this.
There are many parameters for controlling the cold spray deposition process and how
they are set influences the properties of the coating produced, including the degree of
porosity. The lower speed of coating deposition in the improved cold spray procedure
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(used to apply CS-2 Cu coatings) is likely the reason the CS-2 coatings are less porous
and have a smaller average void size (Figure 7.17). Among the CS-2 coatings, the
samples from the transition zone were coated using a slightly smaller Cu particle size,
which is likely the reason that the porosity is slightly lower compared to that of the H-T
CS-2 samples (smaller particles typically yield lower porosity coatings [10,12]). This is
supported by the smaller void size and lower percentage of void space in the CS Cu/Al
specimen, which was produced using Cu powder with the smallest particle size of all the
analyzed coatings. In addition to the smaller particle size, there are other factors that may
have influenced the number of voids and the degree of porosity in the CS Cu/Al sample,
such as the deposition speed and particle velocity.

7.3.3 Shortest Path Analysis
The voids do not form an extensive interconnected network and do not provide a
complete pathway through the Cu coating. However, questions remain about how much
Cu would need to corrode to connect a series of voids and how much of a reduction in the
effective Cu coating thickness the voids could cause. To address these questions, the
sequence of voids providing the shortest pathway through the cold spray Cu portion of a
H-T TZ-CS-2 specimen was determined. To do this, voids were segmented from the
micro-CT data and the distances between voids were calculated using arivis Vision4D
software. From the starting point to the ending point (the top to the bottom of the
coating), the void-to-void distances between different sequences of voids were added
together until the shortest distance from the start to the end was found. This process is
illustrated in Figure 7.18, where A represents the starting point, B represents the end
point, and all of the blue circles are points that can be travelled through to get from A to
B. In the present study, A would be at the top of the coating, B would be the bottom of
the coating, and the blue circles would be voids. The distance between voids is the
amount of Cu separating voids.

216

Figure 7.18: Illustration of how the shortest path from A to B is determined in steps (a) to
(d) [19].
Due to the presence of larger and more numerous voids near the top surface of cold spray
Cu, the percentage of the vertical distance occupied by voids rather than Cu is higher: in
the first 341 µm of the coating, there is a total of only 30 µm of Cu separating the voids
in the shortest path, meaning that 311 µm (91%) of this vertical path length (341 µm) is
occupied by void space, Figure 7.19. In other words, there is a 91% reduction in the
effective Cu coating thickness along this 341 µm–long portion of the shortest path. At
greater depths into the coating, the percentage of the vertical path length occupied by
voids tends to decrease: 70% at 551 µm and 57% at 708 µm. This is because the voids in
the shortest path are largest near the surface of Cu and the distance between voids is
generally greater further from the surface (although there are fluctuations due to areas of
greater and lesser void density). Over the interval from the outer surface of the coating to
2468 µm into the coating (i.e., from depth 0 to 2468 µm), the shortest path length (i.e.,
the amount of Cu between voids) is 1862 µm, Figure 7.20. In terms of percentages, over
this interval, the shortest path length consists of 25% void space and 75% Cu, so the
effective Cu coating thickness is reduced by 25%.
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Theoretically, this means that 1862 µm of Cu would need to corrode to penetrate a
vertical depth of 2468 µm. In reality, corrosion damage would not be localized in one
location, but would be distributed across the surface, and transport of corrosive species
would be hindered as the distance from the outer exposed surface increases. In addition,
the accumulation of corrosion products could limit the penetration rate of corrosion by
deflecting the corrosion process laterally. Therefore, there is a need to study the
interaction between voids and corrosive species experimentally.
Due to the time-consuming nature of manually determining the shortest path through cold
spray Cu, a program that uses an algorithm to compute the shortest path is under
development.

Figure 7.19: (a) The sequence of voids (pink) that forms the shortest path through the
cold spray Cu portion of a 2 mm–diameter H-T TZ-CS-2 specimen. (b) The voids near
the surface of the coating are enlarged to show their shape and size. Vertical distances are
shown with the corresponding percentage of effective Cu coating thickness lost.
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Figure 7.20: The sequence of voids (pink) that forms the shortest path through the cold
spray Cu portion of a 2 mm–diameter H-T TZ-CS-2 specimen. Vertical distances are
shown with the sum of the distances between voids (‘Cu between voids’) and the
corresponding percentage of effective Cu coating thickness lost.
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7.4

Summary and Conclusions

Synchrotron micro-CT imaging of wrought, electrodeposited, and cold spray deposited
Cu demonstrated that only cold spray deposited Cu has significant porosity. Using
micro-CT enabled visualization and analysis of voids throughout the volume of Cu,
providing insight into the three-dimensional distribution and morphology of porosity.
Analysis of the porosity in a number of cold spray Cu coatings showed that voids do not
form an extensive interconnected network and there is no through-coating
interconnection between voids. In addition, improvements to the cold spray procedure
from CS-1 to CS-2 reduced the average size of the voids, the number of voids per cubic
millimeter, and the percentage of void space, to 0.4  0.1 % for H-T CS-2 and 0.28 
0.05% for TZ samples. The porosity in a CS Cu on Al specimen was much finer, showing
how differences in the cold spray process can affect the porosity substantially (e.g., how
smaller Cu particle sizes result in smaller void sizes). This specimen also showed that
cold spray deposition of Cu on a softer substrate, Al, resulted in larger and slightly more
numerous voids in the 130 µm–thick section just above the Cu/Al interface.
Micro-CT images of the entire thickness of the Cu coating and analysis of voids as a
function of depth showed that the porosity varies through the ~3 mm thickness of the
coating. Porosity cycles between layers of greater void density and size and, in cold spray
Cu deposited on carbon steel, the size and quantity of voids has an overall tendency to
decrease downward through the coating. Comparison of different specimens cut from the
same Cu-coated plate revealed that the porosity also varies laterally through the Cu
coating.
The distribution of void sizes is consistent between samples: the majority of voids are
small, and their frequency of occurrence decreases with increasing void size. The
morphology of voids is also consistent, and their rough shape is characteristic of the
spaces left between Cu particles that were not sufficiently deformed upon impact on the
substrate.
Determining the sequence of voids providing the shortest pathway through cold spray Cu
on a H-T TZ-CS-2 specimen demonstrated that voids occupied a large proportion (>50%)
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of the path in the outermost third of the coating. This is due to the larger and more closely
situated voids in this region. The shortest path through a cold spray Cu coating thickness
of 2468 µm was 1862 µm, which corresponds to a 25% reduction in the effective Cu
thickness. This analysis provides a basis for understanding the impact of porosity on the
effective Cu coating thickness, although further analyses are needed to determine the
range of shortest path lengths and experimental studies are needed to understand how the
corrosive species would interact with voids.
Overall, this study provides insight into the cold spray Cu coating quality and is a
valuable source of feedback for improving the coating process.
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Chapter 8
Summary, Conclusions, and Future Work
8.1

Summary and Conclusions

The focus of the research in this thesis was an investigation of the corrosion behaviour of
carbon steel coupled to Cu in NaCl solutions. The purpose of these studies was to
determine the consequences of a through-coating defect on the degradation of Cu-coated
carbon steel used nuclear fuel containers emplaced in a deep geological repository
(DGR).
To study the corrosion of defective coatings, novel specimens having a simulated defect
were designed and fabricated from Cu-coated carbon steel. These specimens were
immersed in 3.0 M NaCl solution sparged with O2, air, or Ar, or in an anaerobic chamber
(with an Ar atmosphere), and the key features of the corrosion process were determined
using a combination of electrochemical measurements, surface analyses, and X-ray
micro-computed tomography (micro-CT). Micro-CT in particular has been an excellent
tool for directly investigating the corrosion damage on steel at the base of a throughcoating defect and the porosity in cold spray Cu coatings.
In oxic conditions, the redox conditions within the through-coating defect on Cu-coated
carbon steel evolved with immersion time and the distribution and chemical nature of the
corrosion products confirmed that a gradation in solution chemistry existed through the
3 mm–deep defect. A greater availability of dissolved O2 in solution resulted in faster and
more extensive corrosion of steel at the base of the through-coating defect and Cu did not
sustain any significant damage.
Specially designed miniature electrochemical cells were developed for in-situ
synchrotron micro-CT imaging of corroding Cu-coated steel specimens. The micro-CT
data recorded periodically over the duration of the experiments revealed how the
corrosion damage evolved over time. The supply of O2 to the surface of the sample
governed the corrosion rate and the overall volume of corrosion damage sustained by
steel but did not have a significant effect on the distribution of corrosion damage. The
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corrosion damage, in general, increased approximately linearly over the duration of the
experiments, 38–42 h, while the corrosion penetration rate into the steel decreased over
time.
While the different Cu-coated steel fabrication methods did not greatly affect the extent,
nor rate of corrosion in the presence of O2, they did influence the distribution of corrosion
damage. Comparing the results from all three sets of synchrotron micro-CT experiments,
it was seen that the geometry (i.e., distribution) of corrosion damage was affected by the
steel surface preparation method, the specific procedure used to apply the Cu coating, and
the post-deposition heat treatment, if any. Less extensive corrosion along the Cu/steel
interface was observed on samples that had less stress, more uniformity, and better
adhesion at this interface; however, this was typically at the expense of deeper
penetration of corrosion into the steel.
Although corrosion propagated along the interface, no detachment or de-adhesion of Cu
from steel was observed ahead of the corrosion front and no deformation of Cu could be
observed. This indicates that although corrosion decreases the area over which Cu is
directly attached to steel, it does not appear to lead to delamination of the coating beyond
the corroded region.
Cold spray and heat-treated cold spray Cu/steel samples exhibited a radial spread of
corrosion from the defect along the interface. The spread of interfacial corrosion was
smaller on the heat-treated samples, which was attributed to the stress-relieving effects of
the heat treatment. Improvements to the cold spray procedure also resulted in less
interfacial corrosion, but greater penetration depths into the steel. Electrodeposited
samples showed preferential interfacial corrosion parallel to the direction in which the
steel substrate was machined prior to being coated with Cu. The direction of machining is
the direction in which the steel substrate is more deformed and stressed. The greater
interfacial corrosion experienced by electrodeposited Cu/steel samples produced in a
different batch was attributed to the lower quality of the Cu/steel interface and the lack of
decrease in the corrosion depth into steel was attributed to the smaller area of exposed
steel. Heat-treated transition zone samples experienced little interfacial corrosion, due to
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the high quality of the Cu/steel interface, but among the greatest penetration depths into
the steel.
Considering that cold spray Cu will be applied over the weld region of the inner carbon
steel vessel, which is the thinnest region of the container (~8 mm compared to 30–
47 mm), the tendency of defective cold spray-coated steel to corrode preferentially along
the Cu/steel interface and less into steel could be beneficial. Slower penetration into steel
means that, if corrosion were to persist at the defect location, the time until container
failure would be longer.
In the absence of O2, the corrosion rate of carbon steel at a through-coating defect was
significantly lower than in oxygenated and aerated conditions, and even after over a year
of exposure to 3.0 M NaCl solution, the extent of corrosion damage was small. Micro-CT
showed that steel exposed at the base of a through-Cu coating defect corroded and
became covered by corrosion products, while there was no visible loss of Cu. The
corrosion penetration depths into steel, although significantly smaller than in the presence
of O2, were larger than the penetration depths expected from the corrosion rates reported
in literature for uncoupled carbon steel. However, the rates of increase in the corrosion
damage volumes and penetration depths tended to decrease over time (which was
attributed to the formation of a corrosion product film on steel), so the corrosion rate
beyond the exposure periods tested would likely continue to decrease until reaching a
steady-state value.
As was seen in the presence of O2, the distribution of damage in anoxic conditions
depended on the Cu-coated steel fabrication method and the resulting properties of the
Cu/steel interface. The volume of corrosion damage also appeared to be affected by the
properties of the Cu/steel interface and of the steel at the base of the defect substantially
more, relative to the total corroded volume, in anoxic conditions. In the Cu-coated steel
batches tested, the heat-treated cold spray Cu/steel specimens accumulated damage
primarily along the Cu/steel interface and, despite larger corrosion damage volumes, had
penetration depths into the steel similar to those seen on electrodeposited Cu/steel
specimens. This suggested that, in the absence of O2, when the cathodic reaction is H2O
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reduction on the steel surface, steel coated with electrodeposited Cu is less reactive than
that coated with heat-treated cold spray Cu.
Separate Cu and carbon steel electrodes, connected through a zero-resistance ammeter
(ZRA), were used to investigate how galvanic corrosion of a Cu/carbon steel couple is
affected by a wide range of cathode:anode area ratios and Cl− concentrations, and by the
availability of O2. A new experimental configuration was developed to reflect the
geometry of a through-coating defect and to minimize the influence of asymmetrical
geometry: the electrodes were designed such that a cylinder of carbon steel was situated
inside a ring of Cu as they were immersed together in an electrolyte. The two electrodes
were insulated from direct contact with each other but were electrically connected
through a ZRA. As Ig cannot be measured when the two metals are in direct contact (as is
the case for Cu-coated steel), these experiments were essential in understanding the
extent to which galvanic coupling augmented the corrosion rate of the anode. In addition,
monitoring Ig together with Eg provided insight into the changes in the kinetics of the
corrosion reactions over time.
Varying the Cu:steel area ratio from 1:1 to 2500:1, the [Cl−] from 0.001 to 3.0 M, the
sparging gas from air to Ar, and monitoring the resulting changes in the galvanic current,
galvanic potential, corrosion products, and surface damage showed that the galvanic
corrosion of steel was most severe when steel was exposed to air-sparged solution with a
moderate [Cl−] (0.1 M) as part of the couple with the largest Cu:steel area ratio.
Synchrotron micro-CT imaging of wrought, electrodeposited, and cold spray deposited
Cu demonstrated that only cold spray deposited Cu contains significant porosity. Using
micro-CT enabled visualization and analysis of voids throughout the volume of Cu,
providing insight into the characteristics of the porosity in the coatings, as well as
feedback for improving the coating process.
Analysis of the porosity in a number of cold spray Cu coatings fabricated in different
batches, using different procedures (some with a post-deposition heat-treatment), and
applied on different substrates showed that there were no through-coating
interconnections between the voids in these specimens and there was no observable
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coalescence or alignment of voids. The distribution of void sizes was consistent between
samples: the majority of voids were small, and their frequency of occurrence decreased
with increasing void size. The morphology of voids was also consistent, their rough
shape characteristic of the spaces left between Cu particles that were not sufficiently
deformed upon impact on the substrate. Improvements to the cold spray procedure for
coating Cu on carbon steel reduced the average size of the voids, the number of voids per
cubic millimeter, and the percentage of void space to <0.5%. The porosity in Cu cold
spray deposited on Al using a different procedure was much finer, although the
percentage of void space was not substantially lower, demonstrating how differences in
the cold spray process can affect the characteristics of porosity considerably.
The porosity varied through the ~3 mm thickness of the cold spray coatings, cycling
between layers of larger and more numerous voids. This layered structure is likely related
to the build-up process of the cold spray coating, which involves multiple passes of the
cold spray gun over the surface being coated until the desired coating thickness is
reached. In cold spray Cu deposited on carbon steel, the size and quantity of voids had an
overall tendency to decrease through the coating, while in Cu cold spray deposited on
electrodeposited Cu (in transition zone samples) this overall tendency was not observed.
Comparison of different specimens cut from the same Cu-coated plate revealed that the
porosity also varied laterally through the Cu coating. The heat-treatment used in this
study (350 °C for 1 h) had no observable effect on the porosity.
Determining the sequence of voids providing the shortest pathway through the cold spray
Cu portion of a heat-treated transition zone specimen demonstrated that voids had a
significant impact on the effective thickness of Cu in the outermost third of the coating.
Through the thickness of the coating however, the impact of voids was smaller, and in the
specimen analyzed, the effective Cu coating thickness available to provide corrosion
protection was reduced by 25% through the shortest path.
Overall, for a used nuclear fuel container emplaced in a DGR with a through-coating
defect, the initial oxidizing period would be the most detrimental, provided the
environment in the vicinity of the defect is sufficiently conductive to support coupling
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between Cu and the exposed carbon steel, while the anoxic period would result in slow,
persistent corrosion damage to steel. In oxic conditions, a small through-coating defect
(i.e., large cathode:anode (Cu:steel) ratio), exposed to groundwater with a moderate [Cl−],
between 0.1 M and 3.0 M, would likely result in the greatest damage to steel.

8.2

Future Work

The long-term aim of the research in this thesis is to develop a finite element model to
predict the damage to steel at a through-coating defect under DGR conditions. The
schematic shown in Figure 8.1 illustrates the processes to consider in a model. The results
in this thesis provide the basis for developing a model and aid in determining the key
features of the corrosion process to include. Additional studies are needed to understand
how galvanic corrosion may be influenced by factors that would be present in a DGR, but
were not studied in this thesis, such as additional groundwater solutes (e.g. sulfide),
solution radiolysis products, higher temperatures, the clay transport barrier in contact
with the Cu-coated container, and the effects of hydrogen produced as a by-product of
steel corrosion coupled to H2O reduction.

Figure 8.1: Schematic illustration of the processes to be considered in a finite element
model for the corrosion of steel at a through-Cu coating defect.
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It would be beneficial to conduct longer-term experiments on Cu-coated carbon steel
specimens with a through-coating defect, exposed to oxic conditions, to determine
whether the corrosion rate changes after longer than 70 days. An additional remaining
research question is how far corrosion will propagate along the Cu/steel interface and
whether the rate of increase of interfacial corroded damage will reach a steady-state
value. Considerably larger samples would need to be cut from Cu-coated steel plates to
investigate this, as corrosion was seen to propagate along the interface to the edge of the
specimens used in this thesis, which were relatively small, in as little as 2–50 days
(depending on the supply of O2 to the Cu surface).
Micro-CT imaging of the corrosion damage volume at the base of through-coating
defects after >1 year of exposure in an anaerobic chamber would aid in determining the
long-term steady-state corrosion rates in this system. The specimens sealed in vials and
imaged using micro-CT after exposure durations as long as 1 year (Chapter 5) were
returned to an anaerobic chamber and will be the subjects of future imaging.
To verify the origin of the difference in reactivity between cold spray Cu/steel and
electrodeposited Cu/steel, the microstructure and properties of steel could be analyzed as
a function of distance from the Cu/steel interface. This would provide information about
the depth to which steel is affected by the different preparation and Cu deposition
methods. Optical microscopy or scanning electron microscopy (SEM) of metallographic
cross sections would show the microstructure, including the grains and deformation, of
steel. Electron backscatter diffraction (EBSD) would show the orientations of grains and
misorientation maps would provide a measure of the plastic deformation and residual
stress. Microhardness testing would provide complementary information about the
hardness (which can be related to the degree of deformation) of steel.
As mentioned in Chapter 7, a shortest path algorithm program is under development to
compute the sequence of voids that provide the shortest path through a cold spray Cu
coating. The input to the program is a matrix of closest distances between segmented
voids, which is produced using arivis Vision4D software. This program will be used to
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analyze the shortest path in numerous cold spray coatings to determine the variability in
the length of the shortest path.
Although the shortest path provides the theoretical amount of Cu that would need to
corrode to penetrate a certain vertical depth, experimental studies are needed to determine
how corrosive species interact with voids and how corrosion propagates in the presence
of voids. Finite element modelling can also be used to study these interactions.
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